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Abstract	
  
	
  

Calnexin	
   is	
   a	
   ubiquitously	
   expressed	
   endoplasmic	
   reticulum	
  

chaperone	
   that	
   in	
   conjunction	
   with	
   the	
   similar	
   endoplasmic	
   reticulum	
  

chaperone	
  calreticulin	
  and	
  protein	
  disulfide	
  isomerase	
  ERp57,	
  is	
  responsible	
  

for	
   protein	
   folding	
   and	
   quality	
   control	
   in	
   the	
   secretory	
   pathway.	
   We	
  

generated	
   a	
   calnexin-­‐deficient	
   mouse	
   model	
   to	
   use	
   a	
   loss-­‐of	
   function	
  

approach	
   to	
   study	
   the	
   role	
  of	
   calnexin.	
   Calnexin-­‐deficient	
  mice	
   are	
  30-­‐50%	
  

smaller	
   than	
   their	
   wild-­‐type	
   littermates	
   and	
   demonstrate	
   neurological	
  

abnormalities	
   characterized	
   by	
   gait	
   disturbance,	
   ataxia	
   and	
   a	
   rolling	
   walk.	
  

Neuron	
   number,	
   growth	
   and	
   function	
   were	
   unimpaired	
   in	
   the	
   absence	
   of	
  

calnexin.	
   However,	
   electron	
   micrograph	
   analysis	
   indicates	
   decompacted,	
  

disorganized	
   myelin	
   sheaths.	
   Nerve	
   conduction	
   velocities	
   were	
  

correspondingly	
  reduced	
  in	
  sensory	
  and	
  motor	
  neurons.	
  The	
  role	
  of	
  calnexin	
  

in	
  myelination	
  is	
  a	
  major	
  discovery	
  that	
  provides	
  a	
  novel	
  candidate	
  gene	
  for	
  

myelin	
   disease	
   and	
   the	
   resulting	
   pathologies.	
   Our	
   work	
   highlights	
   a	
  

previously	
   unidentified	
   substrate	
   specificity	
   of	
   a	
   ubiquitous	
   chaperone,	
  

showcasing	
   the	
   importance	
   of	
   specific	
   chaperones	
   and	
   negating	
   the	
   notion	
  

that	
  quality	
  control	
  is	
  a	
  redundant	
  process.	
  Investigation	
  of	
  the	
  role	
  calnexin	
  

plays	
   in	
  myelin	
   formation	
  and	
  maintenance	
  will	
  help	
  us	
  understand	
  myelin	
  

biology	
  and	
  the	
  aberrant	
  processes	
  that	
  result	
  in	
  dysmyelination	
  and	
  disease.	
  

Calnexin	
  is	
  composed	
  of	
  distinct	
  functional	
  and	
  structural	
  domains	
  including	
  

an	
  N-­‐terminal	
  globular	
  and	
  extended	
  arm	
  P-­‐domain	
  (N+P	
  domain)	
  that	
  forms	
  

the	
  protein	
  folding	
  module,	
  a	
  transmembrane	
  domain,	
  and	
  a	
  long	
  C-­‐terminal	
  



	
  
 

cytoplasmic	
   tail.	
   The	
   N+P	
   domain	
   of	
   calnexin	
   are	
   reminiscent	
   of	
   another	
  

quality	
   control	
   chaperone,	
   calreticulin,	
   and	
   calnexin	
   and	
   calreticulin	
   are	
  

known	
  to	
  share	
  folding	
  substrates.	
  However,	
  the	
  transmembrane	
  domain	
  and	
  

cytoplasmic	
  tail	
  of	
  calnexin	
  are	
  unique	
  and	
  as	
  calnexin	
  plays	
  a	
  non-­‐redundant	
  

role	
   in	
   myelin	
   and	
   myelin	
   protein	
   quality	
   control,	
   the	
   C-­‐tail	
   could	
   confer	
  

calnexin’s	
  specificity	
  for	
  membrane	
  myelin	
  proteins.	
  To	
  study	
  the	
  function	
  of	
  

the	
  C-­‐tail,	
  we	
  employed	
   techniques	
   to	
   look	
  at	
   the	
  structure	
  and	
  biophysical	
  

characteristics	
  as	
  well	
  as	
  protein-­‐protein	
  interactions	
  of	
  the	
  calnexin	
  C-­‐tail.	
  A	
  

yeast-­‐2-­‐hybrid	
  screen	
  with	
  the	
  C-­‐tail	
  as	
  bait	
  identified	
  UBC9,	
  a	
  SUMOylation	
  

E2	
   ligase,	
   as	
   a	
   protein	
   that	
   interacts	
   with	
   the	
   C-­‐tail.	
   Further	
   biochemical	
  

studies	
  reveal	
   that	
   the	
  C-­‐tail	
   interacts	
  with	
  components	
  of	
   the	
  SUMOylation	
  

machinery	
  including	
  UBC9,	
  and	
  can	
  be	
  SUMOylated	
  in	
  vivo.	
  SUMOylation	
  is	
  a	
  

novel	
  post-­‐translational	
  modification	
  of	
  the	
  C-­‐tail.	
  Understanding	
  the	
  role	
  of	
  

calnexin	
  and	
  its	
  unique	
  cytoplasmic	
  tail	
  will	
  provide	
  mechanistic	
  insight	
  into	
  

the	
  function	
  of	
  a	
  critical	
  quality	
  control	
  chaperone,	
   including	
  understanding	
  

the	
  specific	
  role	
  it	
  plays	
  in	
  myelination.	
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The	
  Endoplasmic	
  Reticulum,	
  a	
  Multifunctional	
  Organelle	
  

Morphology	
  of	
  the	
  Endoplasmic	
  Reticulum	
  	
  

The	
   endoplasmic	
   reticulum	
   (ER)	
   is	
   the	
   largest	
   component	
   of	
   the	
  

endomembrane	
  system	
  with	
  its	
  membrane	
  accounting	
  for	
  approximately	
  half	
  

of	
  all	
  cellular	
  membranes	
  [1].	
  It	
  is	
  organized	
  into	
  distinct	
  domains	
  including	
  

the	
  nuclear	
   envelope,	
   sheet-­‐like	
   cisternae,	
   and	
  a	
  polygonal	
   array	
  of	
   tubules	
  

connected	
  by	
   three-­‐way	
   junctions	
   [2].	
  This	
  extensive	
  membranous	
  network	
  

has	
  a	
  common	
  luminal	
  space	
  representing	
  10%	
  of	
  the	
  total	
  cell	
  volume	
  with	
  

ER	
  membranes	
  extending	
  throughout	
  a	
  cell	
  [1].	
  In	
  the	
  nervous	
  system,	
  the	
  ER	
  

is	
  even	
  found	
  in	
  axons	
  and	
  the	
  distal	
  tips	
  of	
  neurites,	
  a	
  huge	
  span	
  considering	
  

the	
  axonal	
  tip	
  can	
  be	
  upwards	
  of	
  several	
  feet	
  from	
  its	
  cell	
  body	
  in	
  long	
  human	
  

neurons	
   [3].	
   Using	
   electron	
   microscopy,	
   ER	
   morphology	
   was	
   originally	
  

classified	
   into	
   two	
   distinct	
   domains:	
   the	
   rough	
   (RER)	
   and	
   smooth	
   (SER)	
  

membrane	
   domains.	
   The	
   RER	
   is	
   identifiable	
   by	
   the	
   presence	
   of	
  membrane	
  

bound	
   ribosomes	
  and	
   is	
   the	
   site	
  of	
   the	
  biosynthesis	
  of	
  membrane	
  proteins,	
  

protein	
  folding,	
  modification	
  and	
  quality	
  control.	
  The	
  SER	
  is	
  identified	
  simply	
  

by	
  the	
  absence	
  of	
  membrane	
  bound	
  ribosomes.	
  In	
  neurons,	
  the	
  RER	
  is	
  found	
  

predominantly	
  in	
  the	
  cell	
  body	
  and	
  it	
  is	
  the	
  SER	
  that	
  extends	
  into	
  the	
  axons	
  

and	
   distal	
   tips	
   of	
   neurites.	
   Morphologically,	
   the	
   RER	
   corresponds	
   to	
   the	
  

sheet-­‐like	
  cisternae	
  and	
  the	
  SER	
  to	
  the	
  vesicular-­‐tubular	
  structures	
  [4].	
  The	
  

nuclear	
  membrane	
  provides	
  a	
  third	
  morphologically	
  distinct	
  region	
  of	
  the	
  ER.	
  

The	
  outer	
  nuclear	
  membrane	
  is	
  indistinguishable	
  from	
  the	
  rough	
  ER	
  in	
  terms	
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of	
   protein	
   markers	
   and	
   the	
   inner	
   membrane	
   consists	
   of	
   a	
   unique	
   protein	
  

composition	
   and	
   contains	
   the	
   nuclear	
   pores	
   [5].	
   ER	
   membranes	
   have	
   also	
  

been	
   observed	
   in	
   close	
   apposition	
   to	
   5-­‐20%	
   of	
   the	
   total	
   mitochondrial	
  

network,	
   a	
   proximity	
   that	
   provides	
   a	
   physical	
   basis	
   for	
   Ca2+	
   signaling	
  

between	
   the	
   two	
   organelles	
   [6].	
   The	
   ER	
   and	
   its	
   diverse	
   morphological	
  

domains	
  support	
  the	
  unique	
  and	
  numerous	
  cellular	
  functions	
  that	
  take	
  place	
  

in	
  the	
  ER	
  and	
  contribute	
  to	
  the	
  dynamic	
  role	
  the	
  ER	
  plays	
  in	
  the	
  cell.	
  

The	
  Endoplasmic	
  Reticulum	
  and	
  Ca2+	
  Signaling	
  

	
   The	
  ER	
  provides	
  the	
  cellular	
  compartment	
  for	
  lipid	
  protein	
  synthesis,	
  

protein	
   folding	
   and	
   quality	
   control,	
   Ca2+	
   storage,	
   and	
   is	
   involved	
   in	
   signal	
  

transduction	
  processes	
  such	
  as	
  the	
  Unfolded	
  Protein	
  Response	
  (UPR).	
  The	
  ER	
  

is	
   responsible	
   for	
   the	
   storage	
   of	
   the	
  majority	
   of	
   intracellular	
   Ca2+	
   and	
   this	
  

high	
   Ca2+	
   concentration	
   is	
   required	
   for	
   protein	
   folding	
   and	
   glycoprotein	
  

processing	
   [7,	
   8].	
   ER	
   Ca2+	
   stores	
   affect	
   virtually	
   every	
   cellular	
   function	
  

including	
   protein	
   folding	
   and	
   synthesis,	
  muscle	
   contraction	
   and	
   relaxation,	
  

embryogenesis	
   and	
   subsequent	
   development,	
   cell	
   differentiation	
   and	
  

proliferation,	
   transcription	
   factor	
   activation,	
   secretion,	
   gene	
   expression,	
  

learning	
  and	
  memory,	
  membrane	
  excitability,	
   energy	
  metabolism,	
   cell	
   cycle	
  

progression,	
   and	
   apoptosis	
   [9].	
   ER	
   Ca2+	
   homeostasis	
   is	
   maintained	
   by	
  

balancing	
   Ca2+	
   release	
   from	
   the	
   ER	
   by	
   the	
   inositol	
   1,4,5-­‐trisphosphate	
  

receptor	
  (InsP3R)	
  and	
  ryanodine	
  receptor	
  (RyR)	
  [5,6]	
  with	
  replenishment	
  of	
  

the	
  stores	
  by	
  sarcoplasmic/endoplasmic	
  reticulum	
  Ca2+-­‐ATPase	
  (SERCA)	
  [9].	
  

The	
   total	
   Ca2+	
   concentration	
   in	
   the	
   ER	
   is	
   in	
   excess	
   of	
   2	
   mM	
   but	
   the	
   ER	
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employs	
  a	
  number	
  of	
  Ca2+	
  binding/buffering	
  proteins	
  to	
  keep	
  free	
  ER	
  Ca2+	
  in	
  

concentration	
  ranges	
  of	
  50	
  to	
  500	
  µM	
  [10-­‐12].	
  Calreticulin,	
  glucose-­‐regulated	
  

protein	
  94	
  (GRP94),	
  and	
  BiP	
  are	
   the	
  most	
  abundant	
  Ca2+	
  buffering	
  proteins	
  

found	
  in	
  the	
  lumen	
  of	
  the	
  ER.	
  These	
  proteins	
  bind	
  Ca2+	
  with	
  high	
  capacity	
  at	
  

their	
  highly	
  acidic	
  C-­‐terminal	
  domains	
  [13-­‐19].	
  The	
  link	
  between	
  ER	
  Ca2+	
  and	
  

protein	
  sorting,	
  the	
  secretory	
  pathway,	
  and	
  ER	
  morphology	
  was	
  made	
  when	
  

it	
   was	
   observed	
   that	
   ER	
   resident	
   proteins	
   normally	
   retained	
   in	
   the	
   ER,	
  

including	
  BiP,	
  calreticulin,	
  and	
  PDI,	
  are	
  secreted	
  when	
  ER	
  stores	
  are	
  depleted	
  

of	
  Ca2+	
  in	
  3T3	
  and	
  primary	
  murine	
  fibroblastoid	
  LB1	
  and	
  CJ8	
  cell	
   lines	
  [20].	
  

Concurrently	
   with	
   the	
   increased	
   secretion	
   of	
   ER	
   resident	
   proteins,	
   Ca2+	
  

depletion	
   of	
   the	
   stores	
   results	
   in	
   changes	
   in	
   ER	
   morphology	
   and	
   the	
   ER	
  

becomes	
  more	
  vesicular	
   or	
   tubulovesicular	
   as	
   compared	
   to	
   the	
  perinuclear	
  

cisternae	
   arrangement	
   in	
   control	
   cells	
   [20].	
   The	
   interdependence	
   of	
   ER	
  

morphology	
   and	
   Ca2+	
   again	
   emerges	
   when	
   we	
   consider	
   mitochondrial	
  

associated	
  membranes	
  (MAMs)	
  and	
  the	
  close	
  proximity	
  of	
  mitochondria	
  and	
  

ER	
  membranes.	
  This	
  close	
  apposition	
  is	
  known	
  to	
  facilitate	
  the	
  rapid	
  uptake	
  

of	
  Ca2+	
  into	
  mitochondria	
  from	
  Ca2+	
  microdomains	
  created	
  by	
  release	
  of	
  Ca2+	
  

from	
  InsP3R	
  [6].	
  Tethering	
  of	
  mitochondrial	
  and	
  ER	
  membranes	
  determines	
  

ER	
  morphology	
  as	
  the	
  ER	
  becomes	
  fragmented	
  in	
  the	
  absence	
  of	
  mitofusin-­‐2.	
  

Further,	
   loss	
   of	
  mitofusin-­‐2	
   tethering	
   results	
   in	
   slower	
   Ca2+	
   uptake	
   during	
  

InsP3-­‐mediated	
  Ca2+	
  signaling	
  [21].	
  Disruption	
  of	
  MAMs	
   is	
   induced	
  with	
  the	
  

siRNA	
   depletion	
   of	
   PACS-­‐2	
   and	
   inhibits	
   ER	
   Ca2+	
   release	
   and	
   the	
   onset	
   of	
  

apoptosis.	
   Interestingly,	
   PACS-­‐2	
   is	
   known	
   to	
   mediate	
   the	
   subcellular	
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localization	
  of	
   calnexin	
  depending	
  on	
   its	
  phosphorylation	
   status	
   and	
   sort	
   it	
  

primarily	
  to	
  MAMs	
  [22].	
  	
  

Protein	
  folding,	
  Quality	
  Control	
  and	
  the	
  N-­‐glycan	
  code	
  

	
   Protein	
  folding	
  is	
  an	
  essential	
  process	
  for	
  every	
  cell	
  and	
  is	
  assisted	
  by	
  

cellular	
   chaperones.	
   Protein	
   folding	
   quality	
   control	
   employs	
   molecular	
  

chaperones	
   that	
   bind	
   to	
   nascent	
   polypeptides	
   and	
   aid	
   their	
   folding	
   and	
  

assembly	
   processes	
   while	
   preventing	
   unfolded	
   protein	
   aggregation.	
   There	
  

are	
   a	
   number	
   of	
   chaperones	
   dedicated	
   to	
   specific	
   folding	
   related	
   functions	
  

including	
  the	
  classical	
  chaperones	
  (BiP,	
  GRP94),	
  lectin	
  chaperones	
  (calnexin	
  

and	
  calreticulin),	
  redox	
  enzymes	
  (PDI,	
  ERp57),	
  proline	
  isomerases,	
  and	
  sugar	
  

processing	
   enzymes	
   (Glucosidase	
   I	
   and	
   II,	
   ER	
  Mannosidase	
   I	
   and	
   II,	
   UGGT)	
  

[23].	
  These	
  chaperones	
  and	
  other	
   folding	
  enzymes	
  provide	
  a	
  way	
  to	
  ensure	
  

only	
  properly	
  folded	
  and	
  assembled	
  proteins	
  are	
  trafficked	
  from	
  the	
  ER	
  and	
  

proteins	
   that	
   cannot	
   be	
   properly	
   folded	
   are	
   targeted	
   to	
   the	
   ER	
   associated	
  

degradation	
   pathway.	
   Protein	
   folding	
   in	
   the	
   ER	
   begins	
   when	
   a	
   nascent	
  

polypeptide	
  is	
  translocated	
  into	
  the	
  ER	
  lumen,	
  a	
  process	
  that	
  takes	
  place	
  both	
  

co-­‐	
   and	
   post-­‐translationally	
   (Figure	
   1.1).	
   Co-­‐translational	
   translocation,	
   the	
  

dominant	
   mechanism	
   in	
   mammals,	
   is	
   where	
   nascent	
   polypeptides	
   are	
  

targeted	
   to	
   the	
   ER	
   by	
   a	
   ribonucleoprotein	
   complex	
   consisting	
   of	
   the	
   signal	
  

recognition	
   particle	
   (SRP)	
   and	
   its	
   ER	
  membrane	
   surface	
   SRP-­‐receptor	
   (SR)	
  

[24].	
  SRP	
  binds	
  to	
  the	
  signal	
  sequence	
  of	
  nascent	
  proteins	
  emerging	
  from	
  the	
  

ribosome	
  [25]	
  and	
  arrests	
  protein	
  translation	
  until	
  the	
  ribosome,	
  nascent	
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Figure	
  1.1.	
  The	
  multifunctional	
  ER.	
  

ER	
  resident	
  chaperones	
  aid	
  the	
  folding	
  of	
  nascent	
  polypeptides	
  translocated	
  
into	
   the	
   ER	
   lumen.	
  Newly	
   translated	
   proteins	
   containing	
   a	
   signal	
   sequence	
  
are	
   recognized	
  by	
   the	
   signal	
   recognition	
  particle	
   (SRP)	
   and	
   targeted	
   to	
   the	
  
ER,	
  where	
  SRP	
  binds	
  to	
  its	
  receptor,	
  bringing	
  the	
  translating	
  protein	
  and	
  the	
  
ribosome	
   as	
   a	
   complex	
   to	
   the	
   Sec61	
   translocon	
   at	
   the	
   ER	
   membrane.	
  
Polypeptides	
   are	
   inserted	
   through	
   the	
   heterotrimeric	
   Sec61	
   complex.	
   The	
  
transmembrane	
   complex	
  oligosaccharide	
   transferase	
   (OST)	
   transfers	
   a	
  pre-­‐
assembled	
   two	
  N-­‐acetylglucosamine,	
   nine	
  mannose,	
   three	
   terminal	
   glucose	
  
(Glc3Man9GlcNAc2)	
  core	
  oligosaccharide	
  en	
  bloc	
   to	
  N-­‐X-­‐S/T	
  (where	
  X	
   is	
  any	
  
amino	
   acid	
   except	
   Pro)	
   N-­‐glycosylation	
   sites.	
   The	
   Glc3Man9GlcNAc2	
  
oligosaccharide	
   is	
   trimmed	
   sequentially	
   by	
  Glucosidase	
   I	
   and	
   II	
   to	
   a	
  mono-­‐
glucosylated	
   form	
   (Glc1Man9GlcNAc2).	
   This	
   mono-­‐glucosylated	
   form	
   is	
  
recognized	
   by	
   the	
   lectin	
   chaperones	
   calreticulin	
   (CRT)	
   and	
   calnexin	
   (CNX).	
  
Calreticulin	
  and	
  calnexin	
  are	
  highly	
  similar	
  with	
  calreticulin	
  being	
  a	
  soluble	
  
protein	
   and	
   calnexin	
   membrane	
   anchored.	
   Both	
   CRT	
   and	
   CNX	
   bind	
   ER	
  
oxidoreductase	
  ERp57	
  at	
  the	
  tip	
  of	
  their	
  P-­‐domain	
  to	
  aid	
  folding	
  of	
  proteins	
  
requiring	
  disulfide	
  bonds.	
  Glucosidase	
  II	
  removes	
  the	
  terminal	
  glucose	
  from	
  
the	
   oligosaccharide,	
   leaving	
   Man9GlcNAc2.	
   If	
   the	
   protein	
   has	
   achieved	
   its	
  
proper	
   conformation	
   it	
   exits	
   the	
   ER	
   to	
   be	
   trafficked	
   through	
   the	
   secretory	
  
pathway.	
  Unfolded	
  proteins	
  are	
  inserted	
  back	
  into	
  the	
  CNX/CRT	
  cycle	
  when	
  
UGGT	
   re-­‐glucosylates	
   the	
   substrate.	
   Proteins	
   unable	
   to	
   achieve	
   their	
  
appropriate	
  structure	
  (e.g.	
  proteins	
  containing	
  mutations)	
  are	
  extracted	
  from	
  
the	
  calnexin	
  cycle,	
  and	
  the	
  carbohydrate	
  on	
  the	
  unfolded	
  substrate	
  subjected	
  
to	
   sequential	
   cleavage	
   of	
   terminal	
  mannose	
   residues	
   by	
  α1,2	
  Mannosidase,	
  
preventing	
  re-­‐glucosylation	
  by	
  UGGT.	
  This	
  allows	
  recognition	
  by	
  EDEM	
  that	
  
transports	
   the	
  protein	
   to	
   the	
  retrotranslocon	
  where	
   the	
  unfolded	
  protein	
   is	
  
translocated	
   across	
   the	
   ER	
   membrane,	
   ubiquitinated	
   and	
   targeted	
   to	
   the	
  
proteasome	
  for	
  destruction.	
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polypeptide,	
  and	
  SRP	
  reach	
  the	
  ER	
  localized	
  SRP-­‐receptor.	
  Signal	
  sequences	
  

for	
  ER	
   targeting	
  are	
   remarkably	
  diverse	
  with	
  only	
  one	
  unifying	
  property:	
   a	
  

hydrophobic	
   core	
   with	
   an	
   uninterrupted	
   stretch	
   of	
   at	
   least	
   six	
   non-­‐

hydrophilic	
   residues	
   [26].	
   An	
   early	
   comparative	
   sequence	
   analysis	
   showed	
  

that	
   while	
   there	
   is	
   a	
   lack	
   of	
   significant	
   homology,	
   signal	
   sequences	
   are	
  

typically	
  20-­‐30	
  amino	
  acid	
  residues	
  consisting	
  of	
  a	
  basic	
  “N	
  domain”,	
  a	
  7-­‐13	
  

amino	
   acid	
   residue	
   hydrophic	
   “H	
   domain”	
   and	
   a	
   slightly	
   polar	
   “C	
   domain”	
  

[27].	
   The	
   diversity	
   of	
   signal	
   sequences	
   provides	
   an	
   opportunity	
   to	
   embed	
  

substrate-­‐specific	
   information	
   for	
   additional	
   control	
   of	
   protein	
   biogenesis	
  

[28].	
   Post-­‐translational	
   translocation	
   has	
   also	
   been	
   documented	
   in	
  

mammalian	
   species	
   [29]	
   where	
   polypeptides	
   less	
   than	
   75	
   amino	
   acid	
  

residues	
   are	
   transported	
   to	
   the	
   ER	
   with	
   the	
   help	
   of	
   Hsp70	
   and	
   Hsp40	
  

chaperone	
   families.	
   Once	
   the	
   peptides	
   reach	
   the	
   ER	
   membrane,	
   they	
   are	
  

translocated	
   into	
   the	
   lumen	
   through	
   the	
   heterotrimeric	
   Sec61	
   translocon.	
  

Resident	
   ER	
   luminal	
   proteins	
   assist	
   in	
   this	
   translocation,	
   including	
   BiP,	
   an	
  

HSP70	
   protein	
   chaperone	
   involved	
   in	
  maintaining	
   the	
   permeability	
   barrier	
  

by	
  selectively	
   sealing	
   the	
   luminal	
  end	
  of	
   the	
   translocon	
  pore	
   [30,	
  31].	
  Once	
  

nascent	
   proteins	
   have	
   entered	
   the	
   ER	
   lumen,	
   they	
   are	
   bound	
   by	
   protein	
  

chaperones	
   that	
   assist	
   in	
   their	
   folding	
   and	
   assembly.	
   Proteins	
   without	
   a	
  

consensus	
  N-­‐glycosylation	
  site	
  early	
   in	
   their	
  amino	
  acid	
   sequence	
  associate	
  

with	
  BiP	
  and	
  Erdj	
  proteins	
  [32].	
  PDI	
  and	
  peptidyl-­‐prolyl	
  cis-­‐trans	
  isomerases	
  

(PPI)	
  catalyze	
  protein	
  folding	
  through	
  the	
  formation	
  and	
  isomerization	
  of	
  the	
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Figure	
  1.2.	
  The	
  N-­‐glycan	
  code.	
  

The	
  N-­‐linked	
  core	
  oligosaccharide	
  structure	
  is	
  depicted	
  (figure	
  modified	
  from	
  
[33]).	
   A,	
   B,	
   and	
   C	
   denote	
   the	
   branch.	
   The	
   glucose	
   moieties	
   are	
   trimmed	
  
sequentially	
   by	
   Glucosidase	
   I	
   and	
   II	
   and	
   the	
   mono-­‐glucosylated	
   form	
  
(Glc1Man9GlcNAc2)	
   allows	
   interaction	
   with	
   the	
   ER	
   lectin	
   chaperones	
  
calreticulin	
   (CRT)	
  and	
  calnexin	
   (CNX).	
  Trimming	
  of	
   the	
   terminal	
  glucose	
  by	
  
Glucosidase	
   II	
   is	
   reversed	
   by	
   the	
   re-­‐addition	
   of	
   a	
   glucose	
   residue	
   by	
   UDP-­‐
glucose:glycoprotein	
   transferase	
   (UGGT).	
  The	
  glycan	
  can	
  be	
   trimmed	
  by	
  ER	
  
α1,2	
  mannosidases,	
  terminally	
  extracting	
  the	
  protein	
  from	
  the	
  calnexin	
  cycle	
  
to	
  target	
  it	
  for	
  ER-­‐associated	
  degradation	
  (ERAD).	
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disulfide	
  bond,	
  often	
  a	
  rate-­‐limiting	
  step	
  in	
  protein	
  folding	
  [34,	
  35].	
  Members	
  

of	
  the	
  protein	
  disulfide	
  isomerase	
  (PDI)	
  family	
  aid	
  protein	
  folding	
  by	
  forming	
  

(oxidizing),	
   breaking	
   (reducing),	
   and	
   re-­‐arranging	
   (isomerization)	
   of	
  

disulfide	
  bonds.	
  PPIs,	
  also	
  called	
  rotamases,	
  catalyze	
  the	
  slow	
  isomerization	
  

of	
  cis/trans	
  prolyl	
  peptide	
  bonds	
  necessary	
  for	
  proteins	
  to	
  obtain	
  their	
  native	
  

conformation	
   [36].	
   Polypeptides	
   containing	
   a	
   consensus	
   site	
   can	
   be	
   N-­‐

glycosylated.	
   The	
   most	
   prominent	
   modification	
   of	
   secretory	
   proteins	
   in	
  

eukaryotic	
  cells,	
  N-­‐glycosylation	
  is	
  initiated	
  at	
  the	
  ER	
  membrane	
  where	
  two	
  

N-­‐acetylglucosamine	
   and	
   nine	
   mannoses	
   with	
   three	
   terminal	
   glucoses	
  

(Glc3Man9GlcNAc2)	
  are	
  assembled	
  and	
  transferred	
  as	
  a	
  core	
  oligosaccharide	
  

onto	
   asparagine	
   residues	
   of	
   the	
   consensus	
   site	
   (Asn-­‐X-­‐Ser/Thr,	
  where	
   X	
   is	
  

any	
   amino	
   acid	
   except	
   Pro)	
   of	
   a	
   nascent	
   polypeptide	
   [33].	
   Assembly	
   of	
   the	
  

oligosaccharide	
  is	
  anchored	
  by	
  the	
  lipid	
  carrier	
  dolichylpyrophosphate	
  (Dol-­‐

PP)	
   and	
   is	
   initiated	
   on	
   the	
   cytoplasmic	
   side	
   of	
   the	
   ER	
   as	
   a	
   lipid-­‐linked	
  

intermediate.	
   A	
   series	
   of	
   glycosyl	
   transferases	
   assemble	
   a	
   mannose5-­‐N-­‐

acetylglucosamine2	
   oligosaccharide	
   (Man5GlcNAc2-­‐PP-­‐Dol)	
   that	
   is	
  

tranlocated	
   across	
   the	
   ER	
   membrane	
   by	
   a	
   flippase	
   (Rft1	
   in	
   yeast)	
   [37].	
  

Assembly	
   is	
   completed	
   in	
   the	
   ER	
   lumen	
   where	
   glucosyl	
   transferases	
   use	
  

dolichylphosphomannose	
   and	
   dolichylphosphoglucose	
   as	
   substrates.	
  

Oligosaccharyltransferase	
   (OST)	
   is	
   an	
   eight-­‐subunit	
   protein	
   complex	
   that	
  

catalyzes	
  the	
  addition	
  of	
  the	
  oligosaccharide	
  onto	
  N-­‐glycosylation	
  consensus	
  

sites.	
   OST	
   is	
   associated	
   with	
   the	
   translocon	
   complex	
   and	
   adds	
   the	
  

oligosaccharide	
  when	
   the	
  consensus	
  site	
   is	
  only	
  12-­‐14	
  residues	
   into	
   the	
  ER	
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lumen	
  [38].	
  The	
  three	
  terminal	
  glucoses	
  are	
  trimmed	
  by	
  glucosidase	
  I	
  and	
  II,	
  

and	
   reglucosylation	
   takes	
   place	
   by	
   UDP-­‐glucose:glycoprotein	
   transferase	
  

(UGGT).	
  Calnexin	
  and	
  calreticulin	
  bind	
  the	
  glucose	
  α-­‐1,3	
  mannose	
  glycosidic	
  

bond	
   on	
   high	
   mannose	
   containing	
   asparagine-­‐linked	
   oligosaccharides	
   in	
   a	
  

Ca2+-­‐dependent	
   manner	
   [39],	
   beginning	
   a	
   protein	
   folding	
   quality	
   control	
  

cycle	
  known	
  as	
  the	
  calnexin	
  cycle.	
  The	
  disulfide	
  isomerase	
  ERp57	
  is	
  recruited	
  

by	
   calnexin	
   and	
   calreticulin	
   to	
   assist	
   with	
   protein	
   folding.	
   UGGT	
   can	
  

discriminate	
  between	
   folded	
  and	
  unfolded	
  proteins	
   [96],	
  ensuring	
   that	
  only	
  

unfolded	
  proteins	
  are	
   re-­‐glucosylated.	
  A	
   terminal	
  mannose	
  can	
  be	
   trimmed	
  

by	
   ER	
   mannosidases.	
   As	
   monoglucosylated	
   oligosaccharides	
  

(Glc1Man9GlcNAc2)	
   interact	
   with	
   calreticulin	
   and	
   calnexin,	
   the	
  

deglucosylation–glucosylation	
   cycle	
   ensures	
   that	
   unfolded	
   proteins	
   remain	
  

bound	
   to	
   molecular	
   chaperones	
   until	
   they	
   are	
   properly	
   folded	
   [39].	
   The	
  

calnexin–calreticulin,	
  deglucosylation–glucosylation	
  cycle	
  ensures	
  the	
  folding	
  

and	
  quality	
  control	
  of	
  nascent	
  glycoproteins;	
  however,	
  when	
  proteins	
  remain	
  

unfolded	
  or	
  are	
  damaged,	
   they	
  undergo	
  ER-­‐associated	
  degradation	
   (ERAD).	
  

ERAD	
  ensures	
  that	
  misfolded	
  and	
  damaged	
  proteins	
  are	
  degraded,	
  as	
  well	
  as	
  

that	
  normal	
  proteins	
  maintain	
  turnover	
  rates.	
  

ER-­‐associated	
  Degradation	
  (ERAD)	
  

	
   Proteins	
   are	
   targeted	
   for	
   ERAD	
   when	
   they	
   persist	
   in	
   an	
  

unfolded/misfolded	
   conformation	
   over	
   time.	
   Glycosylated	
   polypeptides	
   can	
  

undergo	
   one	
   or	
   more	
   cycles	
   of	
   release	
   and	
   re-­‐association	
   as	
   part	
   of	
   the	
  

calnexin	
  cycle	
  until	
   they	
  achieve	
   the	
  appropriate	
   folding	
  conformation	
  [40].	
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UGGT	
   keeps	
   substrates	
   in	
   the	
   calnexin	
   cycle	
   by	
   adding	
   back	
   a	
   glucose	
   to	
  

replace	
  the	
  glucose	
  trimmed	
  by	
  glucosidase	
  II.	
  To	
  avoid	
  futile	
  cycling,	
  UGGT	
  

only	
   recognizes	
   near	
   native	
   or	
   pseudo	
   native	
   conformers	
   and	
   ignores	
  

extensively	
  misfolded	
  polypeptides	
  [41].	
  When	
  a	
  substrate	
  persistently	
   fails	
  

to	
   attain	
   its	
   native	
   structure,	
   ER-­‐resident	
   exo-­‐mannosidases	
   progressively	
  

remove	
  terminal	
  α1,2	
  mannose	
  residues,	
  which	
  reduces	
  the	
  ability	
  of	
  UGGT	
  

to	
   re-­‐glucosylate	
   the	
   substrate	
   [42].	
   Mannose	
   trimming	
   generates	
   the	
   N-­‐

glycan	
   degradation	
   signal	
   which	
   is	
   a	
   terminal	
   α1,6–linked	
   mannose	
  

generated	
  by	
  processing	
  of	
   the	
  C-­‐branch	
  by	
  Htm1p,	
   the	
  yeast	
  orthologue	
  of	
  

EDEM	
   [43].	
   This	
   degradation	
   signal	
   recruits	
   ERAD	
   lectins	
   containing	
  

mannose	
  6-­‐phosphate	
  receptor	
  homology	
  domains	
  (MRH)	
  such	
  as	
  OS-­‐9	
  and	
  

XTP3-­‐transactivated	
  gene	
  B	
  (XTP3-­‐B)	
  [44].	
  Trimming	
  of	
  mannose	
  residues	
  is	
  

obligatory	
   for	
   ERAD	
   substrates	
   and	
   pharmacologic	
   inhibition	
   of	
   α1,2	
  

mannosidases	
   prevents	
   glycoprotein	
   degradation	
   [45-­‐49].	
   Mannose	
  

trimming	
   is	
   essential	
   for	
   association	
   with	
   the	
   ER	
   lectin	
   XTP3-­‐B,	
   substrate	
  

accumulation	
  in	
  the	
  ERAD	
  staging	
  ground	
  and	
  delivery	
  to	
  E3	
  ubiquitin	
  ligases	
  

[50].	
  Misfolded	
   proteins	
   and	
   their	
   ERAD	
   chaperones	
   are	
   targeted	
   to	
   ERAD	
  

complexes	
   that	
   contain	
   a	
   retrotranslocation	
   membrane	
   channel	
   for	
  

movement	
   of	
   the	
   substrate	
   to	
   the	
   cytoplasm	
   for	
   proteasomal	
   degradation.	
  

The	
   identity	
  of	
   the	
  ERAD	
  retrotranslocation	
  channel	
  has	
  been	
  controversial	
  

for	
   some	
   time	
   and	
   several	
   candidates	
   have	
   been	
  proposed	
   including	
   Sec61	
  

and	
   Derlin	
   1	
   [51].	
   Sec61,	
   a	
   major	
   component	
   of	
   the	
   translocation	
   channel	
  

importing	
   polypeptides	
   into	
   the	
   ER	
   [52,	
   53],	
   is	
   thought	
   to	
   be	
   involved	
   in	
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retrotranslocation.	
   This	
   is	
   supported	
   by	
   evidence	
   indicating	
   Sec61p	
  

depletion	
   or	
   blockage	
   with	
   stalled	
   nascent	
   chain-­‐ribosome	
   complexes	
  

prevents	
   the	
   export	
   of	
   the	
   A1	
   subunit	
   of	
   cholera	
   toxin	
   and	
   amyloid	
   beta-­‐

peptide	
   from	
   the	
   ER	
   lumen	
   [54,	
   55].	
   However,	
   the	
   crystal	
   structure	
   of	
   the	
  

archael	
  homologue	
  of	
  Sec61,	
  SecY,	
  indicates	
  the	
  limiting	
  diameter	
  of	
  the	
  pore	
  

to	
   be	
   a	
   mere	
   3	
   Å	
   and	
   it	
   is	
   not	
   understood	
   how	
   a	
   preprotein	
   segment	
   in	
  

extended	
   conformation	
   at	
   approximately	
   12	
   Å	
   passes	
   through	
   the	
   pore,	
   or	
  

how	
   the	
   pore	
   would	
   accommodate	
   the	
   30	
   Å	
   extended	
   oligosaccharides	
  

attached	
   to	
   even	
   fully	
   unfolded	
   polypeptides	
   [56-­‐58].	
   Derlin-­‐1	
   was	
   first	
  

identified	
   as	
   a	
   required	
   component	
   of	
   ERAD	
   when	
   deletion	
   of	
   the	
   yeast	
  

homologue	
   Der1p	
   abolished	
   degradation	
   of	
   ERAD	
   substrate	
   proteins	
   [59].	
  

There	
  are	
  three	
  members	
  of	
  the	
  Derlin	
  family	
  in	
  mammalian	
  cells:	
  Derlin-­‐1,	
  -­‐

2	
  and	
   -­‐3.	
  Derlin-­‐1	
   is	
  essential	
   for	
   the	
  degradation	
  of	
   class	
   I	
  MHC	
  molecules	
  

and	
   expression	
   of	
   a	
   Derlin-­‐1	
   dominant	
   negative	
   construct	
   impedes	
   this	
  

destruction	
   [60].	
   Derlin-­‐1	
   is	
   known	
   to	
   associate	
   in	
   a	
   complex	
   with	
   the	
  

cytosolic	
   ATPase	
   p97	
   and	
   Vcp-­‐interacting	
   membrane	
   protein	
   (VIMP)	
   and	
  

treatment	
   with	
   DTT	
   to	
   induce	
   misfolded	
   protein	
   exit	
   from	
   the	
   ER	
  

demonstrates	
   an	
   accumulation	
   of	
   newly	
   synthesized	
   proteins	
   with	
   VIMP	
  

[61].	
   Further,	
   blocking	
   Derlin-­‐1	
   expression	
   induced	
   the	
   unfolded	
   protein	
  

response,	
   consistent	
   with	
   the	
   accumulation	
   of	
   misfolded	
   proteins	
   [61].	
  

Derlin-­‐2	
   and	
   -­‐3	
   are	
   also	
   known	
   to	
   associate	
   with	
   p97	
   and	
   EDEM	
   and	
  

overexpression	
   of	
   Derlin-­‐2	
   or	
   -­‐3	
   accelerated	
   the	
   degradation	
   of	
   misfolded	
  

glycoproteins	
   and	
   conversely,	
   their	
   knockdown	
   blocked	
   degradation	
   [62].	
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Further	
   evidence	
   for	
   Derlin	
   proteins	
   as	
   the	
   elusive	
   retrotranslocon	
   versus	
  

Sec61	
   include	
   the	
   observation	
   that	
   real-­‐time	
   translocation	
   of	
   non-­‐

glycosylated	
  pro-­‐α	
  factor	
  from	
  mammalian	
  microsomes	
  is	
  blocked	
  by	
  Derlin-­‐

1	
  antibodies	
  but	
  is	
  unaffected	
  by	
  Sec61	
  antibodies	
  [63].	
  

	
   While	
  the	
  identity	
  of	
  the	
  retrotranslocon	
  remains	
  contentious,	
  what	
  is	
  

known	
  is	
  that	
  once	
  proteins	
  are	
  extracted	
  from	
  the	
  ER	
  to	
  the	
  cytosol,	
  they	
  are	
  

degraded	
  by	
   the	
  26S	
  proteasome.	
   Protein	
  dislocation	
   from	
   the	
  ER	
   requires	
  

substrate	
  polyubiquitination	
  and	
  is	
  coordinated	
  by	
  cytosolic	
  ubiqutin	
  binding	
  

chaperones	
  such	
  as	
  the	
  hexameric	
  AAA-­‐ATPase	
  complex	
  Cdc48/p97	
  that	
  aids	
  

translocation	
   and	
  presents	
   substrates	
   to	
   the	
  proteasome	
   [64-­‐66].	
   Cofactors	
  

that	
   interact	
   with	
   the	
   complex	
   are	
   involved	
   in	
   binding	
   the	
   ubiquitylated	
  

polypeptide	
   and	
   include	
   Ufd1	
   and	
   Npl4.	
   The	
   Cdc48/p97-­‐Ufd1-­‐Npl4	
   is	
  

recruited	
  to	
  the	
  ER	
  membrane	
  through	
  Ubx2	
  (the	
  yeast	
  homolog	
  of	
  erasin),	
  a	
  

transmembrane	
  ERAD	
  cofactor	
  known	
  to	
  bind	
  ubiquitinated	
  substrates	
  and	
  

dedicated	
  E3	
  ligases	
  [67,	
  68].	
  It	
  has	
  been	
  proposed	
  that	
  ERAD	
  substrates	
  are	
  

ubiquinated	
  as	
   they	
  emerge	
  on	
   the	
  cytosolic	
   face,	
  a	
  modification	
   that	
  might	
  

prevent	
   translocation	
   back	
   into	
   the	
   ER	
   lumen	
   [69],	
   and	
   the	
   ubiquinated	
  

substrate	
  recognized	
  by	
  Cdc48/p97-­‐Ufd1-­‐Npl4	
  for	
  extraction	
  [70].	
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Figure	
  1.3.	
  ER-­‐associated	
  degradation	
  of	
  terminally	
  misfolded	
  proteins.	
  

Misfolded	
  glycoproteins	
  are	
  extracted	
  from	
  the	
  calnexin	
  cycle	
  when	
  α1,2	
  ER	
  
mannosidases	
   remove	
   terminal	
   α1,2	
   mannose	
   residues,	
   preventing	
  
reassociation	
   of	
   the	
   glycan	
   with	
   UGGT.	
   ER-­‐associated	
   degradation	
   (ERAD)	
  
lectins	
  with	
  mannose	
  6-­‐phosphate	
  receptor	
  homology	
  (MRH)	
  domains,	
  such	
  
as	
   XTP3-­‐B	
   and	
   OS-­‐9	
   recognize	
   the	
   Man5-­‐8GlcNAc2	
   glycan	
   and	
   target	
   the	
  
misfolded	
   glycoprotein	
   to	
   ERAD	
   complexes.	
   These	
   complexes	
   consist	
   of	
   a	
  
retrotranslocation	
  pore	
  (Derlin-­‐1	
  or	
  Sec61),	
   the	
  membrane	
  the	
  Hrd1-­‐SEL1L	
  
ubiquitin	
  ligase	
  complex,	
  an	
  E2	
  ubiquitin	
  conjugating	
  enzyme	
  such	
  as	
  UBC7,	
  
and	
   the	
   hexameric	
   AAA-­‐ATPase	
   complex	
   Cdc48/p97-­‐Ufd1-­‐Npl4	
   to	
   aid	
  
translocation	
   through	
   the	
   pore,	
   Cdc48/p97-­‐Ufd1-­‐Npl4	
   is	
   recruited	
   to	
   ER	
  
membranes	
  through	
  Vcp-­‐interacting	
  membrane	
  protein	
  (VIMP)	
  or	
  erasin.	
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ER	
  Stress	
  and	
  the	
  Unfolded	
  Protein	
  Response	
  

Protein	
   translation	
   at	
   the	
   ER	
   needs	
   to	
   meet	
   cellular	
   requirements	
  

while	
  still	
  maintaining	
  quality	
  control	
  of	
  the	
  proteins	
  that	
  exit	
  the	
  ER.	
  During	
  

episodes	
  of	
  cell	
  stress	
  or	
   insult,	
  protein	
  folding	
   in	
  the	
  ER	
  may	
  be	
  perturbed	
  

and	
   in	
   an	
   effort	
   to	
   restore	
   homeostasis,	
   a	
   pathway	
   known	
   as	
   the	
   UPR	
   is	
  

activated	
  [71].	
  UPR	
  employs	
  three	
  ER	
  transmembrane	
  sensors,	
  pancreatic	
  ER	
  

kinase	
   (PERK),	
   inositol-­‐requiring	
   kinase	
   1	
   (IRE1),	
   and	
   activating	
  

transcription	
   factor	
   6	
   (ATF6),	
   to	
   coordinate	
   a	
   cellular	
   response	
   to	
   an	
  

increased	
   protein	
   load.	
   Activation	
   of	
   PERK	
   leads	
   to	
   the	
   phophorylation	
   of	
  

eukaryotic	
   translation	
   initiation	
   factor-­‐alpha	
   (eIF2α)	
   and	
   a	
   subsequent	
  

attenuation	
   of	
   general	
   translation	
   while	
   concomitantly	
   up-­‐regulating	
   the	
  

translation	
  of	
  proteins	
  involved	
  in	
  amino	
  acid	
  metabolism,	
  protein	
  secretion,	
  

and	
   the	
   antioxidant	
   response.	
   Activation	
   of	
   IRE1	
   and	
   ATF6	
   leads	
   to	
   the	
  

transcription	
   of	
   genes	
   encoding	
   components	
   that	
   increase	
   ER	
   folding	
  

capacity,	
   protein	
   export,	
   and	
   degradation	
   [71].	
   Sustained	
   or	
   overwhelmed	
  

UPR	
   leads	
   to	
  ER	
  Ca2+	
   release,	
  apoptosis	
  and	
  cell	
  death	
   [72].	
  BiP	
   is	
  a	
  critical	
  

component	
   of	
   UPR	
   induction.	
   BiP	
   is	
   known	
   to	
   associate	
   with	
   unfolded	
  

proteins	
   in	
   the	
   ER	
   lumen	
   through	
   recognition	
   of	
   exposed	
   hydrophobic	
  

regions	
  and	
  maintain	
  proteins	
  in	
  a	
  folding-­‐competent	
  state	
  [73].	
  BiP	
  binds	
  to	
  

the	
  three	
  UPR	
  sensors	
  and	
  is	
  competitively	
  titrated	
  away	
  by	
  the	
  presence	
  of	
  

unfolded	
  proteins.	
  With	
  the	
  accumulation	
  of	
  misfolded	
  proteins	
  in	
  the	
  ER	
  and	
  

ER	
  stress,	
  BiP	
  binds	
  to	
  unfolded	
  proteins	
  and	
  releases	
  ATF6	
  to	
  translocate	
  to	
  

the	
  Golgi,	
  where	
  it	
  is	
  cleaved	
  in	
  its	
  luminal	
  domain	
  by	
  site	
  1	
  protease	
  and	
  in	
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its	
  N-­‐terminal	
  membrane	
  anchored	
  half	
  by	
  site	
  2	
  protease	
  [74].	
  This	
  releases	
  

the	
  cytosolic	
  bZIP	
  domain	
  of	
  ATF6	
  to	
  translocate	
  to	
  the	
  nucleus	
  and	
  activate	
  

transcription	
   of	
   ERAD	
   components	
   and	
   chaperones,	
   including	
   BiP,	
   to	
   deal	
  

with	
   the	
   protein	
   load.	
   Calreticulin	
   is	
   also	
   involved	
   in	
   a	
   glycosylation-­‐

dependent	
   retention	
   of	
   ATF6	
   in	
   the	
   ER	
   [75].	
   During	
   ER	
   stress	
   conditions,	
  

completely	
   glycosylated	
   ATF6	
   is	
   rapidly	
   degraded	
   by	
   the	
   proteasome	
   and	
  

newly	
   synthesized	
   ATF6	
   is	
   underglycosylated	
   to	
   overcome	
   its	
   interaction	
  

with	
  calreticulin	
  [75,	
  76].	
  BiP	
  binds	
  to	
  the	
  luminal	
  domains	
  of	
  both	
  IRE1	
  and	
  

PERK	
   in	
   an	
   inactive	
   state	
   and	
   accumulation	
   of	
   unfolded	
  proteins	
   in	
   the	
  ER	
  

competitively	
   titrates	
   BiP	
   away	
   to	
   allow	
   the	
   activation	
   of	
   IRE1	
   and	
   PERK	
  

[77].	
   Without	
   BiP	
   binding,	
   IRE1	
   undergoes	
   dimerization,	
  

autophosphorylation	
   and	
   subsequent	
   activation	
   of	
   its	
   endoribonuclease	
  

(RNase)	
   domain	
   [78,	
   79].	
   Activated	
   RNase	
   activity	
   leads	
   to	
   the	
   splicing	
   of	
  

XBP-­‐1,	
   which	
   introduces	
   an	
   alternative	
   C	
   terminus	
   with	
   increased	
  

transcription	
  activation	
  potential	
  [80,	
  81].	
  IRE1	
  activation	
  and	
  XBP-­‐1	
  mRNA	
  

splicing	
  leads	
  to	
  the	
  transcriptional	
  up-­‐regulation	
  of	
  chaperones	
  such	
  as	
  BiP	
  

and	
   GRP94	
   and	
   components	
   of	
   ERAD	
   such	
   as	
   EDEM	
   and	
   UBC7.	
   The	
   ER	
  

luminal	
  domains	
  of	
  IRE1	
  and	
  PERK	
  are	
  functionally	
  interchangeable	
  [82]	
  and	
  

upon	
   BiP	
   dissociation,	
   similar	
   to	
   IRE1,	
   PERK	
   undergoes	
   dimerization	
   and	
  

autophosphorylation.	
  PERK	
  activation	
  leads	
  to	
  the	
  phosphorylation	
  of	
  eIF2α	
  

and	
   an	
   inhibition	
   of	
   general	
   translation	
   [83].	
   By	
   utilizing	
   these	
   three	
  

transmembrane	
  sensors,	
   the	
  ER	
   is	
  able	
   to	
   coordinate	
  a	
   response	
   to	
  protein	
  

load	
   to	
   stop	
   general	
   translation,	
   up-­‐regulate	
   necessary	
   components	
   of	
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protein	
  folding	
  and	
  to	
  remove	
  accumulating	
  misfolded	
  proteins	
  from	
  the	
  ER	
  

in	
  an	
  effort	
  to	
  restore	
  protein	
  homeostasis.	
  

Calnexin	
  

A	
  Component	
  of	
  Quality	
  Control	
  

	
   Calnexin	
   is	
   a	
   Type	
   I	
   integral	
   membrane	
   protein	
   resident	
   in	
   the	
   ER.	
  

Established	
   as	
   a	
   bona	
   fide	
   molecular	
   chaperone,	
   calnexin	
   binds	
   mono-­‐

glucosylated	
  nascent	
  polypeptides	
  translated	
  through	
  the	
  ER	
  to	
  assist	
  in	
  their	
  

folding	
  and	
   to	
  ensure	
  only	
  properly	
   folded	
  and	
  assembled	
  proteins	
  exit	
   the	
  

ER.	
  	
  

	
   Calnexin	
  was	
  discovered	
  two	
  decades	
  ago	
  by	
  two	
  independent	
  groups.	
  

The	
   Williams	
   group	
   identified	
   an	
   88-­‐kD	
   protein	
   associated	
   with	
   newly	
  

synthesized	
  major	
  histocompatibility	
  complex	
  class	
  I	
  (MHC	
  I)	
  molecules	
  [84].	
  

Within	
   months,	
   the	
   Bergeron	
   group	
   isolated	
   a	
   90-­‐kDa	
   integral	
   membrane	
  

phosphoprotein	
  of	
  the	
  ER	
  in	
  a	
  complex	
  with	
  the	
  phosphoglycoprotein	
  SSRα.	
  

The	
   90-­‐kDa	
   protein	
   had	
   a	
   high	
   degree	
   of	
   amino	
   acid	
   sequence	
   identity	
   to	
  

calreticulin,	
   and	
   it	
   was	
   subsequently	
   dubbed	
   calnexin	
   [85].	
   Shortly	
  

thereafter,	
   the	
   p88	
   molecular	
   chaperone	
   was	
   identified	
   to	
   be	
   the	
  

aforementioned	
  calnexin	
  [86].	
  Since	
  then,	
  calnexin	
  has	
  been	
  shown	
  to	
  be	
  an	
  

important	
   lectin	
   molecular	
   chaperone	
   critical	
   for	
   protein	
   folding	
   quality	
  

control	
  [87].	
  

	
   As	
   lectin	
   chaperones,	
   calnexin	
   and	
   calreticulin	
   bind	
   mono-­‐

glucosylated	
  polypeptides	
   in	
   the	
  ER.	
  However,	
   calnexin	
  and	
  calreticulin	
  are	
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also	
   known	
   to	
   act	
   as	
   chaperones	
   for	
   non-­‐glycosylated	
   substrates	
   [39].	
   A	
  

recent	
   1.55	
  Å	
   resolution	
   structure	
   of	
   the	
   calreticulin	
  N-­‐domain	
   identified	
   a	
  

peptide-­‐binding	
   site	
   formed	
   by	
   an	
   interaction	
   of	
   the	
   N-­‐terminal	
   extension	
  

with	
  the	
  edge	
  of	
  the	
  lectin	
  site	
  [88].	
  Although	
  the	
  peptide	
  binding	
  domain	
  of	
  

calnexin	
   has	
   not	
   been	
   characterized,	
   the	
   soluble	
   ER	
   luminal	
   domain	
   of	
  

calnexin	
   can	
   suppress	
   the	
   aggregation	
   of	
   non-­‐glycosylated	
   firefly	
   luciferase	
  

[89].	
  Further	
  studies	
  with	
  this	
  assay	
  demonstrate	
  the	
  globular	
  domain	
  binds	
  

hydrophobic	
  peptides	
  with	
  micromolar	
  affinity	
  and	
  while	
   the	
  arm	
  does	
  not	
  

directly	
   bind	
   substrates,	
   it	
   enhances	
   the	
   aggregation	
   suppression	
   of	
   firefly	
  

luciferase,	
  presumably	
  by	
  steric	
  constraint	
  of	
  large	
  polypeptide	
  chains	
  [90].	
  

Calnexin	
  Structure	
  	
  

	
   Calnexin	
  is	
  composed	
  of	
  distinct	
  functional	
  and	
  structural	
  domains.	
  As	
  

an	
   integral	
   membrane	
   protein,	
   it	
   spans	
   into	
   two	
   very	
   distinct	
   molecular	
  

environments	
  with	
  an	
  ER	
  luminal	
  folding	
  module,	
  a	
  transmembrane	
  domain,	
  

and	
  a	
  cytoplasmic	
  tail	
  (Figure	
  1.4).	
  Following	
  removal	
  of	
  its	
  signal	
  sequence,	
  

human	
   calnexin	
   is	
   572	
   amino	
   acid	
   residues	
   in	
   length	
   (571	
   amino	
   acids	
   in	
  

mouse	
   and	
   rat,	
   573	
   amino	
   acid	
   residues	
   in	
   dog)	
   with	
   the	
   majority	
   of	
   the	
  

protein	
   residing	
   in	
   the	
   ER	
   lumen	
   (amino	
   acids	
   1-­‐463).	
   Calnexin	
   makes	
   a	
  

single	
   pass	
   through	
   the	
   ER	
   membrane	
   with	
   amino	
   acid	
   residues	
   484-­‐573	
  

residing	
   in	
   the	
   cytoplasm.	
  Calnexin	
   is	
   highly	
   conserved	
   across	
   species	
  with	
  

92%	
  percent	
  identity	
  as	
  determined	
  by	
  amino	
  acid	
  sequence	
  alignment	
  using	
  

ClustalW2	
  multiple	
  sequence	
  alignment.	
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Calnexin	
   can	
   be	
   divided	
   functionally	
   into	
   several	
   domains:	
   the	
   ER	
  

luminal	
   domain,	
   the	
   transmembrane	
   domain,	
   and	
   the	
   C-­‐tail.	
   A	
   crystal	
  

structure	
  of	
  the	
  ER	
  luminal	
  region	
  of	
  calnexin	
  has	
  been	
  solved	
  and	
  indicates	
  

the	
  presence	
  of	
  two	
  distinct	
  domains	
  with	
  different	
  functional	
  capabilities:	
  a	
  

compact	
   globular	
   domain	
   (designated	
   the	
   N-­‐domain)	
   and	
   a	
   long	
   arm	
  

stretching	
   140	
   Å	
   from	
   the	
   globular	
   domain	
   [91].	
   The	
   compact	
   globular	
  

domain	
   (amino	
   acid	
   residues	
   61-­‐262	
   and	
   415-­‐458)	
   is	
   composed	
   of	
   a	
   β	
  

sandwich	
  of	
  two	
  antiparallel	
  β	
  sheets.	
  There	
  are	
  two	
  disulfide	
  bonds,	
  one	
  in	
  

the	
  globular	
  domain	
  (Cys161-­‐Cys195)	
  and	
  one	
   in	
   the	
  arm	
  (Cys361-­‐Cys367).	
  The	
  

putative	
  carbohydrate	
  binding	
  site	
  was	
  modeled	
  within	
  the	
  concave	
  β	
  sheet	
  

of	
   the	
  globular	
  domain	
  and	
  Ca2+	
   is	
   thought	
   to	
  bind	
   in	
   the	
  convex	
  β	
   sheet	
  of	
  

the	
  globular	
  domain.	
  The	
  arm	
  is	
  composed	
  of	
  proline-­‐rich	
  tandem	
  sequence	
  

repeats,	
   a	
   region	
   which	
   has	
   been	
   termed	
   the	
   P-­‐domain.	
   Two	
   different	
  

proline-­‐rich	
   sequence	
  motifs	
   (denoted	
  1	
  &	
  2)	
   are	
   repeated	
   four	
   times	
   each	
  

within	
  the	
  amino	
  acid	
  residues	
  277-­‐410	
  in	
  the	
  linear	
  pattern	
  11112222.	
  The	
  

P-­‐domain	
   forms	
   a	
   large	
   hairpin	
   arm	
  where	
   each	
   copy	
   of	
   motif	
   1	
   interacts	
  

with	
   the	
   adjacent	
   motif	
   2.	
   Together,	
   the	
   structural	
   data	
   indicates	
   that	
   the	
  

mono-­‐glucosylated	
  high	
  mannose	
  oligosaccharide	
  binds	
  the	
  luminal	
  domain,	
  

and	
   the	
   flexible	
   P-­‐domain	
   can	
   wrap	
   around	
   folding	
   substrates	
   or	
   interact	
  

with	
  other	
  proteins	
  of	
  the	
  folding	
  machinery,	
  such	
  its	
  known	
  interaction	
  with	
  

ERp57	
  [91,	
  92].	
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Figure	
   1.4.	
   Calnexin	
   is	
   composed	
   of	
   distinct	
   functional	
   and	
   structural	
  
domains.	
  

Calnexin	
   is	
   composed	
   out	
   of	
   distinct	
   structural	
   domains	
   including	
   a	
  
globular	
  domain	
  (N-­‐domain)	
  shown	
  in	
  blue	
  and	
  an	
  extended	
  arm	
  (P-­‐domain)	
  
shown	
  in	
  red	
  in	
  the	
  ER	
  lumen,	
  a	
  transmembrane	
  domain	
  shown	
  in	
  green	
  and	
  
a	
   cytoplasmic	
   domain	
   in	
   black.	
   The	
   N-­‐domain	
   binds	
   mono-­‐glucosylated	
  
substrates	
  and	
  ERp57	
  binds	
  to	
  the	
  tip	
  of	
  the	
  flexible	
  P-­‐domain	
  to	
  assist	
  with	
  
folding.	
   Sites	
  of	
   cytoplasmic	
   tail	
   post-­‐translational	
  modification	
  are	
  marked	
  
with	
   the	
   Canis	
   familiaris	
   calnexin	
   numbering	
   as	
   follows:	
   juxtamembrane	
  
cysteine	
   residues	
   (C)	
   that	
   can	
   be	
   palmitoylated	
   are	
  marked	
   in	
   yellow,,	
   the	
  
modifiable	
  lysine	
  for	
  SUMO	
  addition	
  (Chapter	
  4)	
  is	
  marked	
  in	
  red	
  (K506)	
  and	
  
phosphorylatable	
  serine	
  amino	
  acid	
  residues	
  (S)	
  are	
  indicated	
  in	
  blue.	
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Calnexin	
  and	
  calreticulin	
  share	
  remarkable	
  amino	
  acid	
  sequence	
  and	
  

structural	
  similarities.	
  The	
  structure	
  of	
  calreticulin	
  has	
  been	
  modeled	
  based	
  

on	
  the	
  crystal	
  structure	
  of	
  calnexin	
  and	
  the	
  NMR	
  structure	
  of	
  calreticulin’s	
  P	
  

domain	
  [93,	
  94]	
  and	
  it	
  demonstrates	
  that	
  the	
  luminal	
  domain	
  of	
  calnexin	
  and	
  

calreticulin	
  share	
  significant	
  structural	
  homology.	
  A	
  recent	
  X-­‐ray	
  structure	
  of	
  

calreticulin’s	
  N-­‐domain	
  shows	
  calreticulin	
  and	
  calnexin	
  share	
  common	
  folds	
  

and	
   despite	
   differences	
   in	
   most	
   of	
   the	
   surface-­‐exposed	
   side	
   chains	
   two	
  

patches	
   of	
   residues	
   are	
   highly	
   conserved	
   [88].	
   The	
   first	
   patch	
   corresponds	
  

functionally	
   to	
   the	
   lectin-­‐binding	
   domain	
   demonstrating	
   the	
   carbohydrate	
  

binding	
  domain	
   is	
  highly	
   conserved	
  between	
   calreticulin	
   and	
   calnexin	
   [88].	
  

Considering	
   the	
   structural	
   and	
   lectin	
   site	
   binding	
   similarities,	
   it	
   is	
   not	
  

surprising	
  that	
  calnexin	
  and	
  calreticulin	
  share	
  many	
  folding	
  substrates	
  and	
  it	
  

is	
   ER	
   membrane	
   proximity	
   that	
   contributes	
   to	
   the	
   distinct	
   substrate	
  

specificities	
   of	
   either	
   chaperone	
   [95].	
   Soluble	
   calnexin	
   (N+P-­‐domain)	
  

expressed	
  in	
  L	
  cells	
  (mouse	
  fibroblasts)	
  shows	
  a	
  similar	
  substrate	
  specificity	
  

to	
  calreticulin.	
  Conversely,	
  when	
  calreticulin	
  is	
  membrane-­‐anchored	
  with	
  the	
  

transmembrane	
  domain	
  of	
  calnexin,	
  the	
  substrate	
  specificity	
  is	
  similar	
  to	
  that	
  

of	
   calnexin	
   [96].	
   It	
   is	
   possible	
   that	
   calnexin	
   function	
   could	
   be	
   partitioned	
  

according	
   to	
   a	
   specific	
   molecular	
   domain	
   (i.e.	
   luminal	
   domain	
   versus	
  

cytosolic	
   tail).	
   The	
   structural	
   homology	
   of	
   calnexin’s	
   luminal	
   domain	
   and	
  

calreticulin	
   makes	
   the	
   transmembrane	
   domain	
   and	
   cytoplasmic	
   tail	
   of	
  

calnexin	
  a	
  unique	
  defining	
  feature.	
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   Previous	
   studies	
   in	
   yeast	
   provide	
   us	
   with	
   some	
   insights	
   into	
   the	
  

function	
   of	
   the	
   calnexin	
   C-­‐tail.	
   The	
   calnexin	
   homologue	
   in	
   Saccharomyces	
  

cerevisiae,	
  Cne1p,	
  is	
  24%	
  identical	
  and	
  31%	
  similar	
  at	
  the	
  amino	
  acid	
  level	
  to	
  

mammalian	
  calnexin	
  [97].	
  Cne1p	
  is	
  an	
  integral	
  membrane	
  protein,	
  however,	
  

it	
  does	
  not	
  bind	
  Ca2+	
  and	
  the	
  predicted	
  Cne1p	
  sequence	
  terminates	
  directly	
  

after	
   the	
   transmembrane	
  domain	
  with	
  only	
  one	
  amino	
  acid	
  predicted	
   to	
  be	
  

cytosolically	
   exposed	
   [97].	
   Cne1p	
   is	
   not	
   essential	
   in	
   S.	
   cerevisiae	
   as	
   yeast	
  

strains	
   with	
   a	
   deletion	
   of	
   the	
   CNE1	
   gene	
   were	
   viable	
   and	
   grew	
   at	
   normal	
  

rates	
  and	
  only	
  small	
  effects	
  were	
  noted	
  on	
  the	
  quality	
  control	
  and	
  secretion	
  

of	
   select	
   glycoproteins	
   [97].	
   In	
   contrast,	
   the	
   Schizosaccharomyces	
   pombe	
  

calnexin	
   homologue,	
   Cnx1,	
   is	
   essential	
   for	
   viability	
   [98].	
   Cnx1	
   is	
   38%	
  

identical	
   to	
   canine	
   calnexin	
   but	
   only	
   22%	
   identical	
   to	
   S.	
   cerevisiae	
   Cne1p.	
  

Cnx1	
   is	
   a	
   Ca2+-­‐binding	
   integral	
  membrane	
   glycoprotein	
  with	
   a	
   cytoplasmic	
  

domain	
  [98].	
  S.	
  pombe	
   lethality	
  due	
  to	
  cnx1+	
  deletion	
  could	
  be	
  rescued	
  with	
  

the	
  luminal	
  domain	
  of	
  Cnx1.	
  However,	
  later	
  studies	
  in	
  S.	
  pombe	
  revealed	
  that	
  

a	
   truncated	
  Cnx1	
  protein,	
   called	
  mini-­‐Cnx1p	
  and	
   consisting	
  of	
   only	
   the	
   last	
  

123	
  amino	
  acid	
  residues	
  including	
  52	
  amino	
  acids	
  of	
  the	
  luminal	
  domain,	
  the	
  

23	
   amino	
   acid	
   transmembrane	
   domain	
   and	
   the	
   48	
   amino	
   acid	
   cytoplasmic	
  

tail,	
  could	
  also	
  rescue	
  viability	
  [99].	
  This	
  was	
  attributed	
  to	
  the	
  ability	
  of	
  BiP	
  to	
  

form	
  a	
  complex	
  with	
  the	
  52	
  amino	
  acid	
  of	
  the	
  luminal	
  domain	
  and	
  postulated	
  

that	
   this	
   52	
   amino	
   acid	
   portion	
   of	
   the	
   luminal	
   domain	
   was	
   the	
   essential	
  

component	
   for	
   the	
   rescue	
   of	
   cnx1+	
   deletion	
   S.	
   pombe.	
   The	
   equivalent	
   52	
  

amino	
  acids	
  in	
  Yarrowia	
  lipolytica	
  was	
  shown	
  to	
  interact	
  with	
  the	
  β	
  subunit	
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of	
   the	
   Sec61	
   translocon.	
   The	
   transmembrane	
   domain	
   and	
   cytoplasmic	
   tail	
  

would	
   anchor	
   this	
   essential	
   part	
   of	
   calnexin	
   in	
   the	
   appropriate	
  membrane	
  

proximal	
   position	
   for	
   this	
   interaction	
   and	
   interaction	
   with	
   nascent	
  

polypeptide	
   substrates	
   and	
   it	
   is	
   interesting	
   that	
   this	
   portion,	
   and	
   not	
   the	
  

chaperone	
  domain	
  of	
  calnexin,	
  is	
  sufficient	
  for	
  viability	
  in	
  S.	
  pombe.	
  	
  	
  

	
   While	
  studies	
  in	
  yeast	
  provide	
  some	
  clues	
  as	
  to	
  the	
  importance	
  of	
  the	
  

C-­‐tail,	
   limited	
   studies	
   have	
   addressed	
   the	
   molecular	
   characteristics	
   of	
   the	
  

calnexin	
   C-­‐tail	
   in	
   mammalian	
   systems.	
   To	
   date,	
   only	
   a	
   handful	
   of	
   C-­‐tail	
  

interacting	
  proteins	
  have	
  been	
   identified	
  and	
  a	
   few	
  studies	
  have	
  addressed	
  

the	
  role	
  of	
  C-­‐tail	
  phosphorylation.	
  One	
  objective	
  of	
  this	
  study	
  was	
  to	
  examine	
  

the	
  functional	
  impact	
  of	
  the	
  C-­‐tail	
  by	
  examining	
  its	
  structural	
  and	
  biophysical	
  

characteristics	
   and	
   identifying	
   novel	
   interacting	
   proteins.	
   Understanding	
  

these	
  parameters	
  will	
  help	
  us	
  understand	
  why	
  mammalian	
  calnexin	
  has	
  such	
  

a	
  highly	
  conserved	
  transmembrane	
  domain	
  and	
  cytoplasmic	
  tail.	
  

Calnexin’s	
  Unique	
  Cytoplasmic	
  Tail	
  

Calnexin’s	
   cytoplasmic	
   tail	
   is	
   highly	
   conserved	
   between	
  mammalian	
  

species	
  (Figure	
  1.5).	
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Figure	
   1.5.	
   Amino	
   acid	
   sequence	
   alignment	
   of	
   the	
   calnexin	
   C-­‐tail	
   in	
  
mammalian	
  species.	
  

The	
   above	
   sequence	
   alignment	
   depicts	
   amino	
   acids	
   directly	
   following	
   the	
  
transmembrane	
   domain	
   of	
   calnexin	
   from	
   several	
   different	
   mammalian	
  
species.	
   *	
   indicates	
   sequence	
   identity	
   whereas	
   :	
   indicates	
   	
   conserved	
  
substitutions	
  and	
  .	
  indicates	
  semi-­‐conserved	
  substitutions.	
  RED,	
  Small	
  (small	
  
+	
   hydrophobic	
   including	
   aromatic	
   -­‐	
   Y);	
   BLUE,	
   Acidic;	
   MAGENTA,	
   Basic;	
  
GREEN,	
  Hydroxyl	
   +	
   Amine	
   +	
  Basic	
   -­‐	
   Q.	
   Sequence	
   alignment	
  was	
   conducted	
  
with	
  ClustalW2EBI.	
  The	
  calnexin	
  C-­‐tail	
   is	
  highly	
   conserved	
  between	
  mouse,	
  
rat,	
   dog	
   and	
   human	
   species.	
   This	
   conservation	
   includes	
   modifiable	
   amino	
  
acid	
  residues	
  such	
  as	
  the	
  phosphorylation	
  and	
  SUMOylation	
  (Chapter	
  4)	
  sites	
  
as	
   indicated	
  above	
  by	
  P	
  and	
  SUMO,	
  respectively.	
  Also	
  indicated	
  are	
  the	
  four	
  
subdomains	
   of	
   the	
   calnexin	
   C-­‐tail:	
   basic,	
   acidic,	
   phosphorylation	
   and	
  
retention.	
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Approximately	
  90	
  amino	
  acids	
  in	
  length,	
  the	
  C-­‐tail	
  can	
  be	
  categorized	
  

into	
  four	
  subdomains:	
  a	
   juxtamembrane	
  basic	
  region	
  (lysine	
  rich),	
  an	
  acidic	
  

region	
   (glutamic	
   acid	
   rich),	
   a	
   phosphorylation	
   domain,	
   and	
   a	
   putative	
   ER	
  

retrieval	
   sequence	
   (Figure	
  1.5)	
   [100].	
   The	
  C-­‐tail	
   also	
   contains	
   two	
  putative	
  

DXXD	
  caspase	
  cleavage	
  sites.	
  At	
  least	
  one	
  cleavage	
  event	
  following	
  apoptotic	
  

stimulus	
   was	
   recorded	
   where	
   over-­‐expression	
   of	
   this	
   cleavage	
   product	
   is	
  

found	
  to	
  partially	
   inhibit	
  apoptosis	
   [101].	
  Thus,	
  calnexin	
   is	
  cleaved	
  at	
  548D	
  

by	
  a	
  DEVDase-­‐like	
  caspase	
   in	
  apoptotic	
   cells.	
  Either	
   caspase	
  3	
  or	
   caspase	
  7	
  

could	
  provide	
  the	
  candidate	
  caspase	
  as	
  they	
  both	
  cleave	
  calnexin	
  at	
  this	
  site	
  

in	
   vitro	
   [101].	
   However,	
   both	
   caspase	
   3	
   and	
   7	
   are	
   effector	
   (executioner)	
  

caspases	
   indicating	
   calnexin	
   cleavage	
   takes	
   place	
   after	
   the	
   initiation	
   of	
  

apoptosis.	
   Thus,	
   the	
   physiological	
   role	
   and	
   functional	
   relevance	
   of	
   such	
   a	
  

cleavage	
   event	
   remains	
   to	
   be	
   investigated.	
   The	
   C-­‐tail	
   contains	
   multiple	
  

phosphorylation	
   sites	
   [100,	
   102]	
   and	
   there	
   is	
   also	
   some	
   evidence	
   that	
  

calnexin’s	
   cytoplasmic	
   tail	
   binds	
   Ca2+	
   [103].	
   Studies	
   of	
   a	
   series	
   of	
   early	
  

truncation	
   calnexin	
   mutants	
   in	
   Drosophila	
   indicate	
   that	
   calnexin’s	
  

cytoplasmic	
  tail	
  buffers	
  cytosolic	
  Ca2+	
  rise	
  during	
  phototransduction,	
  helping	
  

to	
   prevent	
   Ca2+	
   toxicity	
   and	
   promote	
   photoreceptor	
   cell	
   survival	
   [104].	
  

However,	
   there	
   are	
   several	
   calnexin	
   homologs	
   in	
   Drosophila,	
   and	
   this	
  

function	
  may	
  not	
  be	
  conserved	
  in	
  mammalian	
  species.	
  	
  	
  

Phosphorylation	
  of	
  Calnexin	
  

The	
   cytoplasmic	
   tail	
   of	
   human	
   calnexin	
   contains	
   six	
   potentially	
  

phosphorylatable	
   serine	
   residues	
   [100].	
   Of	
   these	
   potential	
   sites,	
   Ser534	
   and	
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Ser544	
  were	
  in	
  vivo	
  substrates	
  for	
  casein	
  kinase	
  II	
  (CKII),	
  and	
  Ser563	
  was	
  an	
  in	
  

vivo	
   substrate	
   for	
   the	
   proline-­‐directed	
   kinase	
   (PDK)	
   ERK-­‐1	
   (equivalent	
  

residues	
   in	
   canine	
   are	
   Ser535,	
   Ser545	
   and	
   Ser564)	
   [100]	
   (Fig.	
   1.5).	
  

Phosphorylation	
  of	
  the	
  C-­‐tail	
  by	
  ERK-­‐1	
  was	
  shown	
  to	
  enhance	
  association	
  of	
  

the	
   cytoplasmic	
   tail	
   with	
   the	
   ribosome,	
   specifically	
  with	
   ribosomal	
   protein	
  

L4,	
   a	
   component	
   of	
   the	
   60S	
   ribosome	
   large	
   subunit	
   [105,	
   106].	
  

Phosphorylation	
   of	
   Ser562	
   of	
   a	
   rat	
   calnexin	
   construct	
   expressed	
   in	
  Xenopus	
  

oocytes	
   was	
   demonstrated	
   to	
   regulate	
   an	
   interaction	
   with	
   SERCA2b	
   and	
  

control	
   Ca2+	
   oscillations	
   [107].	
   Interestingly,	
   while	
   phosphorylation	
   events	
  

take	
  place	
  in	
  the	
  cytosol,	
  the	
  molecular	
  interaction	
  between	
  calnexin	
  and	
  the	
  

SERCA2b	
  Ca2+	
  transporter	
  requires	
  the	
  C-­‐terminal	
  tail	
  of	
  SERCA2b,	
  which	
  is	
  

positioned	
  in	
  the	
  lumen	
  [107],	
  indicating	
  more	
  work	
  is	
  needed	
  to	
  understand	
  

the	
  molecular	
  mechanism.	
  Recently,	
  it	
  has	
  been	
  demonstrated	
  that	
  ER	
  stress	
  

leads	
   to	
   the	
   calcineurin-­‐dependent	
   dephosphorylation	
   of	
   calnexin	
   and	
  

subsequent	
   release	
   of	
   SERCA2b	
   inhibition	
   [108].	
   Calcineurin	
   is	
   a	
   Ca2+	
   and	
  

calmodulin	
  dependent	
  serine/threonine	
  phosphatase	
  composed	
  of	
  a	
  catalytic	
  

subunit,	
  calcineurin	
  A	
  (CN-­‐A),	
  and	
  a	
  regulatory	
  subunit,	
  calcineurin	
  B	
  (CN-­‐B)	
  

[109,	
   110].	
   At	
   basal	
   Ca2+	
   levels,	
   the	
   phosphatase	
   is	
   relatively	
   inactive	
   and	
  

increases	
   in	
   intracellular	
  Ca2+	
   activate	
  CN-­‐A	
   through	
  Ca2+/CaM	
  binding	
   and	
  

dissociation	
  of	
  its	
  autoinhibitory	
  domain	
  [111].	
  Calcineurin	
  expression	
  levels	
  

are	
  upregulated	
  and	
  the	
  phosphatase	
  was	
  also	
  shown	
  to	
  interact	
  with	
  PERK	
  

to	
   promote	
   its	
   autophosphorylation	
   and	
   resulting	
   downstream	
   protein	
  

translation	
   inhibition	
   [108].	
   It	
  was	
   proposed	
   that	
   the	
   phosphorylation	
   and	
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dephosphorylation	
  of	
  Ser562	
  regulates	
  ER	
  stores	
  via	
  SERCA2b	
  in	
  response	
  to	
  

ER	
  stress.	
  	
  

Phosphorylation	
   of	
   calnexin	
   has	
   also	
   been	
   proposed	
   to	
   control	
  

calnexin’s	
   distribution	
   in	
   the	
   ER	
   membrane.	
   Fractionation	
   techniques	
  

indicate	
  calnexin	
  is	
  moderately	
  enriched	
  in	
  MAM	
  [112].	
  Nonphosphorylated	
  

calnexin	
   associates	
   with	
   PACS-­‐2,	
   an	
   interaction	
   that	
   sequesters	
   calnexin	
  

preferentially	
  to	
  the	
  MAM	
  [22].	
  PACS-­‐2	
  siRNA	
  treatment	
  causes	
  a	
  reduction	
  

of	
  calnexin	
  on	
   the	
  MAM	
  and	
  redistribution	
   to	
  RER	
  membranes.	
  Mutation	
  of	
  

Ser534/Ser544	
   to	
   aspartic	
   acid	
   as	
   a	
   phosphorylation	
   mimic	
   reduced	
   the	
  

interaction	
  with	
  PACS-­‐2	
  and	
  resulted	
  in	
  some	
  redistribution	
  to	
  MAM	
  whereas	
  

mutation	
  of	
  Ser534/Ser544	
  to	
  alanine	
  had	
  no	
  effect	
  on	
  distribution	
  [22].	
  Thus,	
  

CK2	
  phosphorylation	
  at	
  Ser534/Ser544	
  of	
  calnexin	
  disrupts	
  its	
  interaction	
  with	
  

PACS-­‐2,	
  leading	
  to	
  its	
  redistribution	
  from	
  MAM	
  to	
  RER.	
  

Phosphorylation	
   of	
   the	
   calnexin	
   C-­‐tail	
   has	
   also	
   been	
   postulated	
   to	
  

impact	
   its	
   function	
   as	
   a	
   quality	
   control	
   chaperone.	
   A	
   cell	
   based	
   assay	
   was	
  

used	
   where	
   the	
   pharmacological	
   agent	
   L-­‐azetidine	
   2-­‐carboxylic	
   acid	
   (Azc)	
  

was	
  used	
  to	
  promote	
  misfolding	
  of	
  a	
  known	
  calnexin	
  substrate,	
  glycoprotein	
  

α1-­‐antitrypsin	
  (AAT),	
  while	
  still	
  allowing	
  its	
  partial	
  secretion	
  [113].	
  Calnexin	
  

phosphorylation	
   at	
   Ser563	
   by	
   ERK-­‐1	
   was	
   enhanced	
   under	
   these	
   conditions	
  

leading	
   to	
   a	
   prolonged	
   associated	
   with	
   AAT	
   and	
   degradation	
   by	
   the	
  

proteasome.	
   Inhibition	
   of	
   calnexin	
   Ser563	
   phosphorylation	
   attenuated	
   AAT	
  

degradation	
   and	
   enhanced	
   its	
   secretion,	
   demonstrating	
   phosphorylation	
   of	
  

calnexin	
   at	
   Ser563	
   impacts	
   the	
   retention	
   and	
   degradation	
   of	
   a	
   calnexin	
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substrate	
  [113].	
  As	
  ERK-­‐1	
  activation	
   leads	
   to	
   the	
  recruitment	
  of	
  calnexin	
   to	
  

membrane-­‐bound	
   ribosomes	
   [105],	
   it	
   was	
   postulated	
   that	
   calnexin	
  

phosphorylation	
   might	
   represent	
   a	
   rapid	
   mechanism	
   to	
   modulate	
  

glycoprotein	
   quality	
   control	
   at	
   sites	
   of	
   ER	
   translocons	
   [113].	
   This	
   suggests	
  

that	
  the	
  C-­‐tail	
  is	
  a	
  modifiable	
  entity	
  that	
  can	
  communicate	
  cross-­‐membrane,	
  

linking	
  cytoplasmic	
  and	
  ER	
  luminal	
  events.	
  

Other	
  C-­‐tail	
  Post-­‐translational	
  Modifications	
  

	
   Several	
   other	
   post-­‐translational	
   modifications	
   are	
   known	
   to	
   modify	
  

the	
  calnexin	
  C-­‐tail.	
  The	
  C-­‐tail	
  contains	
  two	
  juxtamembrane	
  cysteine	
  residues	
  

(C483C484),	
   predicted	
   as	
   an	
   S-­‐palmitoylation	
   site	
   in	
   a	
   large	
   scale	
   profile	
   of	
  

protein	
   palmitoylation	
   [114].	
   As	
   discussed	
   in	
   Chapter	
   4,	
   the	
   C-­‐tail	
   binds	
  

components	
  of	
  the	
  SUMOylation	
  machinery	
  and	
  can	
  be	
  modified	
  by	
  SUMO	
  in	
  

vivo.	
  

SUMOylation	
  

Modification	
  by	
  SUMO	
  

SUMO	
   (small	
   ubiquitin-­‐related	
   modifier)	
   is	
   a	
   reversible	
   post-­‐translational	
  

modification	
   discovered	
   just	
   over	
   a	
   decade	
   ago	
   [115].	
   The	
   mechanism	
   of	
  

reversible	
  SUMOylation	
   is	
  similar	
   in	
  ways	
   to	
  ubiquitination.	
  SUMOylation	
   is	
  

the	
   formation	
  of	
   an	
   isopeptide	
  bond	
  between	
   the	
  C-­‐terminal	
  Gly	
   residue	
  of	
  

SUMO	
  and	
  the	
  ε-­‐amino	
  group	
  of	
  a	
  Lys	
  residue	
  on	
  the	
  acceptor	
  protein	
  [116].	
  

SUMOylation	
   of	
   a	
   protein	
   takes	
   place	
   in	
   multiple	
   steps	
   (Figure	
   1.6).	
   The	
  

immature	
   SUMO	
   protein	
   precursor	
   must	
   be	
   processed	
   by	
   ubiquitin-­‐like	
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protein-­‐specific	
   proteases	
   (Ulps)	
   or	
   sentrin-­‐specific	
   proteases	
   (SENPs)	
   to	
  

generate	
   the	
   mature	
   SUMO	
   protein	
   with	
   an	
   exposed	
   C-­‐terminal	
   diglycine	
  

motif.	
  This	
  motif	
  is	
  required	
  for	
  efficient	
  adenylation	
  by	
  the	
  SUMO-­‐specific	
  E1	
  

activating	
  enzyme	
  heterodimer,	
  SAE1/SAE2	
  [117].	
  A	
  conserved	
  Cys	
  on	
  the	
  E1	
  

enzyme	
  forms	
  an	
  E1-­‐SUMO	
  thioester	
  linkage	
  that	
  is	
  then	
  transferred	
  from	
  the	
  

E1	
  to	
  the	
  E2	
  conjugating	
  enzyme	
  UBC9	
  to	
  form	
  an	
  E2-­‐SUMO	
  thioester.	
  UBC9	
  

can	
   directly	
   interact	
   with	
   substrates	
   to	
   transfer	
   SUMO	
   to	
   acceptor	
   Lys	
  

residues	
   or	
   this	
   process	
   can	
   be	
   facilitated	
   by	
   SUMO	
   E3	
   ligases	
   [118-­‐120].	
  

Although	
   SUMO	
   E3	
   ligases	
   are	
   not	
   required	
   and	
   only	
   a	
   few	
   have	
   been	
  

identified,	
   SUMO	
   conjugation	
   is	
   almost	
   always	
   enhanced	
   with	
   E3	
   ligases	
  

[121].	
  E3	
   ligases	
  can	
  promote	
  specificity	
  by	
  sequestering	
  E2-­‐SUMO	
  and	
   the	
  

substrate	
   in	
  a	
  complex	
  or	
   they	
  can	
  stimulate	
   the	
  ability	
  of	
  UBC9	
  to	
  transfer	
  

SUMO	
   to	
   the	
   substrate	
   protein	
   [121].	
   The	
   consensus	
   acceptor	
   site	
   for	
  

SUMOylation	
  is	
  ΨKxE	
  in	
  which	
  Ψ	
  is	
  a	
  bulky	
  aliphatic	
  amino	
  acid	
  and	
  x	
  is	
  any	
  

amino	
  acid	
  although	
  extended	
  SUMOylation	
  motifs	
  have	
  also	
  been	
  identified	
  

[116].	
  In	
  addition	
  to	
  the	
  core	
  consensus	
  motif,	
  additional	
  flanking	
  sequences	
  

have	
   been	
   proposed	
   to	
   extend	
   the	
   SUMO	
   consensus	
  motif.	
   These	
   include	
   a	
  

phosphorylation-­‐dependent	
   SUMOylation	
   motif	
   (PDSM)	
   and	
   a	
   negatively	
  

charged	
  amino	
  acid-­‐dependent	
  SUMOylation	
  motif	
  (NDSM).	
  Phosphorylation-­‐

dependent	
  SUMOylation	
  is	
  where	
  the	
  canonical	
  SUMOylation	
  site	
  is	
  followed	
  

by	
  a	
  phosphorylated	
  Ser	
  and	
  a	
  Pro	
  residue	
  (ΨKxExxpSP)	
  [122].	
  The	
  NDSM	
  is	
  

composed	
  of	
  the	
  core	
  consensus	
  motif	
  followed	
  by	
  a	
  cluster	
  of	
  acidic	
  residues	
  

in	
  the	
  10-­‐amino-­‐acid	
  region	
  immediately	
  downstream.	
  These	
  acidic	
  residues	
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are	
  often	
  found	
  in	
  a	
  hotspot	
  consisting	
  of	
  downstream	
  amino	
  acid	
  residues	
  3-­‐

6	
   [123].	
   These	
   extended	
   motifs	
   confer	
   increased	
   specificity	
   for	
   SUMO	
  

modification.	
   SUMO-­‐relevant	
   but	
   not	
   SUMO	
   modified	
   motifs	
   also	
   exist.	
   A	
  

SUMO	
  interaction	
  motif	
  can	
  be	
  found	
  in	
  proteins	
  that	
  interact	
  non-­‐covalently	
  

with	
  SUMOylated	
  proteins.	
  This	
  SIM/SBM	
  (SUMO-­‐interaction/binding	
  motif)	
  

is	
   composed	
  of	
   a	
   hydrophobic	
   core	
   flanked	
  by	
   acidic	
   residues	
   and	
   in	
   some	
  

cases	
  Ser	
  residues	
  [124].	
  SUMOylation	
  is	
  a	
  reversible	
  modification,	
  a	
  process	
  

carried	
  out	
  by	
   the	
  SENPs	
  which	
  can	
  also	
  act	
  as	
   isopeptidases	
   in	
  addition	
   to	
  

their	
  endopeptidase	
  activity	
  in	
  activating	
  immature	
  SUMOs	
  [125].	
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Figure	
  1.6.	
  The	
  SUMOylation	
  pathway.	
  	
  

1)	
  The	
  immature	
  SUMO	
  precursor	
  is	
  processed	
  by	
  Ulp	
  or	
  SENP	
  proteases	
  to	
  
expose	
   a	
   carboxy-­‐terminal	
   Gly-­‐Gly	
   motif.	
   2)	
   SUMO	
   is	
   adenylated	
   by	
   the	
  
SAE1/SAE2	
  E1	
  activating	
  enzyme	
  and	
  transferred	
  to	
  the	
  catalytic	
  Cys	
  residue	
  
of	
  the	
  SAE2	
  subunit.	
  3)	
  SUMO	
  is	
  transferred	
  to	
  the	
  Cys	
  of	
  the	
  E2	
  conjugating	
  
enzyme,	
   UBC9.	
   4)	
   SUMO	
   is	
   transferred	
   to	
   a	
   Lys	
   residue	
   in	
   the	
   SUMO	
  
consensus	
   motif,	
   ΨKxE.	
   This	
   can	
   be	
   facilitated	
   directly	
   through	
   UBC9,	
   4i)	
  
coordinated	
  through	
  an	
  E3	
  ligase	
  that	
  does	
  not	
  directly	
  contact	
  the	
  substrate	
  
or	
  4ii)	
  through	
  substrate	
  specificity	
  imparted	
  by	
  the	
  E3	
  enzyme	
  where	
  the	
  E3	
  
directly	
   binds	
   the	
   substrate,	
   SUMO	
   and	
   UBC9.	
  5)	
   SUMO	
   conjugation	
   to	
   the	
  
lysine	
  residue	
  can	
  be	
  reversed	
  through	
  the	
  6)	
  deconjugation	
  by	
  Ulp	
  and	
  SENP	
  
proteases.	
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There	
   are	
   four	
   known	
   SUMO	
   paralogues	
   in	
  mammals,	
   SUMO	
   1,	
   2,	
   3	
  

and	
   4.	
   SUMO	
   2	
   and	
   3	
   are	
   95%	
   identical	
   in	
   amino	
   acid	
   sequence	
   whereas	
  

SUMO-­‐2	
   is	
   48%	
   and	
   SUMO-­‐3	
   46%	
   identical	
   to	
   SUMO-­‐1	
   [126].	
   SUMO-­‐4	
   has	
  

86%	
   amino	
   acid	
   homology	
   to	
   SUMO-­‐2	
   and	
   was	
   discovered	
   as	
   a	
   gene	
  

associated	
  with	
  type	
  I	
  diabetes	
  mellitus	
  susceptibility	
  [127,	
  128].	
  	
  Despite	
  its	
  

similarity	
   to	
   SUMO-­‐2,	
   it	
   appears	
   to	
   have	
   some	
   tissue	
   specificity	
   and	
  mRNA	
  

expression	
  was	
  detectable	
   in	
  kidney,	
   lymph	
  and	
  spleen	
  but	
  not	
  significantly	
  

in	
   liver,	
   pancreas,	
   testes	
   or	
   smooth	
   muscle	
   [127,	
   128].	
   It	
   is	
   somewhat	
  

controversial	
  if	
  SUMO-­‐4	
  can	
  be	
  conjugated	
  to	
  substrates	
  as	
  it	
  is	
  thought	
  that	
  a	
  

unique	
  proline	
  residue	
  prevents	
  the	
  hydrolyzation	
  of	
  SUMO-­‐4	
  necessary	
  for	
  

activation	
   [129],	
   although	
   IKBα	
   and	
   heat	
   shock	
   factor	
   2	
   (HSF2)	
   have	
   been	
  

reported	
   as	
   SUMO-­‐4	
   substrates	
   [127,	
   128]	
   and	
   SUMO-­‐4	
   is	
   thought	
   to	
   be	
  

conjugated	
   under	
   stress	
   conditions	
   [130].	
   SUMO-­‐2	
   and	
   -­‐3	
   constitute	
   the	
  

greatest	
   percentage	
   of	
   total	
   cellular	
   protein	
   SUMO	
  modification.	
   There	
   is	
   a	
  

large	
  pool	
  of	
  free,	
  non-­‐conjugated	
  SUMO-­‐2/3	
  under	
  basal	
  conditions	
  whereas	
  

most	
  SUMO-­‐1	
  appears	
  to	
  be	
  conjugated	
  to	
  protein	
  substrates	
  [126].	
  While	
  the	
  

functional	
  implications	
  of	
  modification	
  by	
  SUMO-­‐1	
  versus	
  SUMO-­‐2/3	
  are	
  not	
  

understood,	
   they	
   appear	
   to	
   play	
   distinct	
   roles.	
   SUMO-­‐2/3	
   conjugation	
   is	
  

activated	
  after	
  heat	
  shock,	
  whereas	
  the	
  pattern	
  of	
  SUMO-­‐1	
  conjugation	
  is	
  not	
  

dramatically	
   changed	
   [126].	
   Additionally,	
   the	
   first	
   SUMOylated	
   substrate	
  

ever	
   identified,	
   RanGAP1,	
   is	
   known	
   to	
   be	
   modified	
   by	
   SUMO-­‐1	
   but	
   very	
  

poorly	
   modified	
   by	
   SUMO-­‐2/3	
   [126].	
   Many	
   substrates	
   can	
   undergo	
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modification	
  by	
  both	
  SUMO-­‐1	
  and	
  SUMO	
  2/3	
  and	
  in	
  some	
  cases	
  SUMO-­‐1	
  and	
  

SUMO	
  2/3	
  can	
  form	
  mixed	
  chains	
  [131].	
  The	
  effect	
  of	
  SUMO-­‐1	
  versus	
  SUMO-­‐

2/3	
   conjugation	
   likely	
   depends	
   on	
   the	
   target	
   substrate	
   and	
   cellular	
  

localization	
  and	
  remains	
  to	
  be	
  investigated.	
  

Function	
  of	
  SUMOylation	
  

SUMOylation	
   has	
   diverse	
   functional	
   implications	
   and	
   the	
   impact	
   of	
  

SUMO	
  modification	
  is	
  related	
  to	
  the	
  substrate	
  modified,	
   its	
  cellular	
   location,	
  

and	
   the	
   conditions	
   under	
   which	
   it	
   is	
   regulated.	
   Studies	
   have	
   shown	
  

significant	
   changes	
   in	
   global	
   SUMOylation	
   patterns	
   in	
   response	
   to	
   stimuli	
  

such	
   as	
   heat	
   shock,	
   oxidative	
   and	
   ethanol	
   stressors	
   [126,	
   132].	
   Many	
  

SUMOylated	
   proteins	
   identified	
   thus	
   far	
   are	
   nuclear	
   proteins	
   and	
   UBC9	
  

activity	
   and	
   SUMOylation	
   have	
   been	
   extensively	
   studied	
   in	
   the	
   nuclear	
  

compartment	
   as	
   a	
   part	
   of	
   transcriptional	
   control.	
   However,	
   targets	
   for	
  

SUMOylation	
   can	
   be	
   found	
   in	
   various	
   locations	
   throughout	
   the	
   cell	
   [116].	
  

Interestingly,	
   in	
  the	
  last	
  five	
  years,	
  examples	
  of	
   integral	
  membrane	
  proteins	
  

modified	
   by	
   SUMO	
   have	
   emerged	
   [133,	
   134].	
   SUMO	
  modification	
   has	
   been	
  

shown	
  to	
  inactivate	
  the	
  plasma	
  membrane	
  potassium	
  leak	
  channel	
  K2P1	
  and	
  

regulate	
   the	
   endocytosis	
   of	
   the	
   kainate	
   receptor	
   and	
   subsequent	
   synaptic	
  

transmission	
  after	
  SUMOylation	
  of	
  the	
  GluR6	
  kainate	
  receptor	
  subunit	
  [133,	
  

134].	
  Other	
  membrane	
  protein	
   targets	
   include	
  voltage-­‐dependent	
  K(+)	
   (Kv)	
  

channels,	
   glucose	
   transporters	
   and	
   the	
   group	
   3	
   metabotropic	
   glutamate	
  

receptors	
   [135-­‐138].	
   SUMOylation	
   has	
   also	
   been	
   reported	
   at	
  mitochondrial	
  

membranes	
   where	
   dynamin	
   related	
   protein	
   (DRP1),	
   a	
   protein	
   that	
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coordinates	
  membrane	
  scission,	
  is	
  a	
  substrate	
  for	
  SUMO-­‐1	
  [139].	
  Additional,	
  

although	
   unidentified,	
   SUMO-­‐1	
   conjugates	
   were	
   observed	
   in	
  mitochondrial	
  

fractions	
   potentially	
   suggesting	
   a	
   role	
   of	
   SUMOylation	
   in	
   the	
   regulation	
   of	
  

mitochondrial	
  protein	
   turnover	
  and/or	
   function	
   [140].	
  While	
   the	
   functional	
  

significance	
   is	
   not	
   completely	
   understood,	
   SUMOylation	
   at	
   plasma	
   and	
  

mitochondrial	
   membranes	
   would	
   provide	
   an	
   additional	
   level	
   of	
   post-­‐

translational	
  regulation	
  of	
  protein	
   localization,	
   function	
  or	
  binding	
  partners	
  

and	
   might	
   provide	
   a	
   method	
   of	
   communicating	
   local	
   events	
   across	
   a	
  

membrane	
  partition.	
  

Prior	
  to	
  the	
  identification	
  that	
  calnexin	
  is	
  modified	
  by	
  SUMO	
  (Chapter	
  

4),	
   only	
   one	
   ER	
   protein	
   was	
   known	
   to	
   be	
   SUMOylated.	
   Protein	
   tyrosine	
  

phosphatase	
   1B	
   (PTP1B)	
   is	
   a	
   protein	
   of	
   interest	
   in	
  metabolic	
   studies	
   as	
   it	
  

negatively	
   regulates	
   growth-­‐factor	
   signaling	
   by	
   binding	
   to	
   and	
  

dephosphorylating	
   receptor	
   tyrosine	
   kinases	
   such	
   as	
   the	
   insulin	
   receptor	
  

[141].	
   Tyrosine	
   phosphatase-­‐1B	
   localizes	
   to	
   the	
   cytoplasmic	
   face	
   of	
   the	
   ER	
  

and	
  nuclear	
  envelope	
  and	
  is	
  inactivated	
  by	
  SUMOylation	
  [142].	
  Interestingly,	
  

changing	
   the	
   cellular	
   localization	
   of	
   PTP1B	
   changes	
   its	
   degree	
   of	
  

SUMOylation	
   [142].	
   The	
   E3	
   ligase	
   responsible	
   for	
   SUMOylation	
   of	
   DRP1	
   at	
  

mitochondrial	
   membranes	
   is	
   mitochondrial-­‐anchored	
   SUMO	
   E3	
   ligase	
  

(MAPL).	
   Given	
   the	
   proximity	
   of	
   the	
   two	
   organelles,	
   it	
   has	
   been	
   postulated	
  

that	
  MAPL	
  might	
   be	
   involved	
   in	
  ER	
   localized	
   SUMO	
   conjugation	
   [143].	
   The	
  

significance	
  of	
  ER	
  localized	
  SUMOylation	
  will	
  be	
  discussed	
  further	
  in	
  Chapter	
  

4.	
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Quality	
  Control	
  and	
  Myelination	
  	
  

Myelin	
   is	
  a	
  highly	
  specialized	
  entity	
  unique	
  to	
  the	
  nervous	
  system.	
  A	
  

defining	
   feature	
   of	
   vertebrates,	
   this	
   evolutionary	
   development	
   reduced	
   the	
  

energy	
   required	
   for	
   neuronal	
   communication	
   and	
   boosted	
   the	
   speed	
   of	
  

impulse	
  propagation	
   to	
  allow	
   the	
   timely	
  and	
  efficient	
  operation	
  of	
   complex	
  

nervous	
   systems	
   [144].	
   Aberrant	
   formation	
   or	
   maintenance	
   of	
   the	
   myelin	
  

sheath	
   results	
   in	
   a	
   morphology	
   collectively	
   termed	
   dysmyelination	
   and	
  

contributes	
   to	
   a	
   number	
   of	
   diseases	
   including	
   Multiple	
   Sclerosis	
   (MS),	
  

Charcot-­‐Marie-­‐Tooth	
  (CMT),	
  leukodystrophy,	
  schizophrenia,	
  Alzheimer’s	
  and	
  

Parkinson’s	
   disease.	
   Myelin	
   pathologies	
   have	
   been	
   modeled	
   in	
   various	
  

murine	
  models	
  but	
   complete	
  molecular	
  mechanisms	
  of	
  dysmyelination	
  and	
  

therapeutic	
  targets	
  remain	
  elusive.	
  Recently,	
  the	
  importance	
  of	
  the	
  ER	
  and	
  its	
  

resident	
  molecules	
  in	
  myelination	
  has	
  been	
  realized	
  [145].	
  A	
  site	
  for	
  myelin	
  

protein	
  synthesis,	
  specialized	
  lipid	
  synthesis,	
  Ca2+	
  storage	
  and	
  protein	
  folding	
  

quality	
   control	
   checks,	
   the	
   response	
   of	
   the	
   ER	
   to	
   the	
   unique	
   demands	
   of	
  

myelinating	
   systems	
   is	
   critical	
   in	
   the	
   maintenance	
   of	
   a	
   healthy	
   nervous	
  

system.	
  	
  

Myelin	
  

	
   Myelination	
   is	
   a	
   membranous	
   extension	
   of	
   embryological	
   and	
  

morphologically	
   distinct	
   glial	
   cells	
   of	
   the	
   central	
   and	
   peripheral	
   nervous	
  

system;	
  an	
  oligodendrocyte	
  myelinates	
  multiple	
  axons	
  and	
  internodes	
  in	
  the	
  

former,	
  whereas	
  a	
  Schwann	
  cell	
  is	
  dedicated	
  to	
  the	
  ensheathment	
  of	
  a	
  single	
  

axon/internode	
  in	
  the	
  latter.	
  Myelin	
  membranes	
  have	
  a	
  unique	
  composition	
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of	
   lipids	
   and	
   proteins	
   that	
  maintain	
  myelin	
   structure	
   and	
   integrity	
   (Figure	
  

1.7).	
  This	
  integrity	
  is	
  critical	
  for	
  the	
  timely	
  and	
  precise	
  conduction	
  of	
  action	
  

potentials	
   in	
   axons	
  with	
  myelin	
   increasing	
   nerve	
   conduction	
   velocity	
   up	
   to	
  

100-­‐fold.	
   Furthermore,	
   myelinating	
   glia	
   are	
   required	
   for	
   the	
   long-­‐term	
  

integrity	
   and	
   survival	
   of	
   axons	
   [146].	
   A	
   process	
   initiated	
   postnatally,	
  

myelinating	
   glia	
   are	
   directed	
   to	
   axons	
  with	
   a	
   diameter	
   of	
   1	
  µM	
   or	
   greater	
  

[147].	
  In	
  humans,	
  myelin	
  formation	
  takes	
  place	
  during	
  the	
  second	
  half	
  of	
  fetal	
  

life,	
  peaking	
  in	
  the	
  first	
  year	
  but	
  continuing	
  through	
  to	
  20	
  years	
  of	
  age	
  [148].	
  

In	
   mice,	
   myelination	
   is	
   detectable	
   at	
   embryonic	
   day	
   16.5	
   and	
   peaks	
   at	
  

postnatal	
   day	
   18	
   [149].	
   During	
   myelination,	
   Schwann	
   cells	
   or	
  

oligodendrocytes	
  wrap	
  membranous	
  spiral	
   extensions	
  around	
  axons	
  with	
  a	
  

thickness	
  correlating	
  to	
  axon	
  diameter.	
  Appropriate	
  myelin	
  thickness	
  can	
  be	
  

determined	
  using	
  a	
  simple	
  measurement	
  known	
  as	
  the	
  g-­‐ratio,	
  defined	
  as	
  a	
  

ratio	
  of	
  the	
   inner	
  axonal	
  diameter	
  to	
  the	
  total	
  outer	
  diameter	
  (axon+myelin	
  

sheath).	
  A	
  g-­‐ratio	
  of	
  0.6	
  is	
  expected	
  in	
  the	
  peripheral	
  nervous	
  system	
  (PNS)	
  

while	
   a	
   slightly	
   higher	
   g-­‐ratio	
   of	
   0.72-­‐0.81	
   is	
   appropriate	
   in	
   the	
   central	
  

nervous	
   system	
   (CNS)	
   [150,	
   151].	
   To	
   initiate	
   myelination,	
   axon-­‐derived	
  

signals	
   relative	
   to	
   the	
   axon	
   size	
   recruit	
   and	
   promote	
   the	
   differentiation	
   of	
  

myelinating	
  glia.	
  In	
  the	
  PNS,	
  myelination	
  is	
  initiated	
  when	
  a	
  threshold	
  level	
  of	
  

axonal	
   neuregulin-­‐1	
   type	
   III	
   expression	
   is	
   reached	
   and	
   this	
   expression	
   is	
  

important	
  for	
  the	
  subsequent	
  regulation	
  of	
  myelin	
  membrane	
  growth	
  [152].	
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Figure	
  1.7.	
  The	
  compact	
  myelin	
  sheath.	
  	
  

Schwann	
   cells	
   and	
   oligodendrocytes	
  wrap	
  membranous	
   extensions	
   around	
  
axons	
   to	
   form	
   compact	
  myelin	
   sheaths.	
   Each	
   Schwann	
   cell	
   forms	
   a	
   distinct	
  
internode	
  whereas	
  oligodendroctyes	
  myelinate	
  multiple	
  internodes.	
  Voltage-­‐
gated	
   Na+	
   channels	
   are	
   clustered	
   at	
   the	
   Nodes	
   of	
   Ranvier,	
   areas	
   of	
  
unmyelinated	
   axons	
   between	
   internodes.	
   Paranodal	
   junctions	
   are	
   found	
  
adjacent	
   to	
   the	
   Nodes	
   of	
   Ranvier	
   to	
   provide	
   a	
   diffusion	
   barrier.	
   Compact	
  
myelin	
  sheaths	
  are	
  maintained	
  through	
  adhesive	
  myelin	
  proteins	
  expressed	
  
at	
  the	
  cell	
  surface	
  such	
  as	
  peripheral	
  myelin	
  protein	
  22	
  (PMP22)	
  and	
  myelin	
  
protein	
   zero	
   (P0)	
   of	
   the	
   peripheral	
   nervous	
   system	
   (PNS),	
   and	
   proteolipid	
  
protein	
  (PLP)	
  of	
  the	
  central	
  nervous	
  system	
  (CNS).	
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Myelination	
   in	
   the	
   CNS	
   is	
  more	
   complex	
   and	
   appears	
   to	
   be	
   regulated	
   by	
   a	
  

balance	
   of	
   positive	
   and	
   negative	
   neuronal	
   signals	
   [153].	
   For	
   example,	
  

expression	
  of	
  polysialylated-­‐neural	
   cell	
  adhesion	
  molecule	
   (PSA-­‐NCAM)	
  has	
  

been	
   shown	
   to	
   inhibit	
   myelination	
   on	
   the	
   neuronal	
   cell	
   surface	
   [154]	
  

whereas	
  expression	
  of	
  the	
  L1	
  adhesion	
  molecule	
  on	
  the	
  neuronal	
  cell	
  surface	
  

is	
  required	
  for	
  the	
  initial	
  stage	
  of	
  adhesion,	
  after	
  which	
  it	
  is	
  down-­‐regulated	
  

[153].	
  Regardless	
  of	
  how	
  myelination	
   is	
   initiated,	
   the	
  appropriate	
   timing	
  of	
  

myelin	
  formation	
  is	
  critical	
  for	
  nervous	
  system	
  development.	
  

	
   Myelin	
  membranes	
  are	
  distinctive	
  with	
  cholesterol,	
  phospholipids	
  and	
  

glycosphingolipids	
   accounting	
   for	
  70%	
  of	
   the	
  dry	
  weight	
  of	
   the	
  membrane.	
  

The	
   unique	
   lipid	
   composition	
   is	
   enriched	
   in	
   galactosylceramide,	
   sulfatide,	
  

ethanolamine,	
   plasmalogen,	
   and	
   cholesterol	
   with	
   cholesterol	
   comprising	
  

25%	
   of	
   the	
   total	
   lipid	
   content	
   [155].	
   Cholesterol	
   is	
   not	
   imported	
   from	
   the	
  

circulation	
   but	
   instead	
   synthesized	
   locally	
   and	
   is	
   rate-­‐limiting	
   for	
   myelin	
  

biogenesis	
  [156,	
  157].	
  It	
  has	
  been	
  reported	
  that	
  during	
  active	
  myelination	
  in	
  

rats,	
   the	
  myelin-­‐membrane	
  surface	
  area	
  expands	
  at	
  an	
  estimated	
  rate	
  of	
  5–

50×103µm2/cell/day,	
   a	
  daily	
   rate	
  of	
  more	
   than	
  100-­‐fold	
   the	
   surface	
  area	
  of	
  

the	
   cell	
   soma	
   (i.e.	
   plasma	
  membrane)	
   of	
   approximately	
   0.3×103	
   μm2	
   [158].	
  

From	
  an	
  immature	
  to	
  a	
  fully	
  myelinated	
  oligodendrocyte,	
  this	
  corresponds	
  to	
  

an	
   estimated	
   6,500-­‐fold	
   increase	
   in	
   membrane	
   surface	
   [159,	
   160].	
   Supply	
  

must	
   meet	
   demand	
   and	
   such	
   an	
   astounding	
   rate	
   of	
   growth	
   requires	
  

specialized	
  cellular	
  mechanisms.	
  The	
  large	
  amounts	
  of	
  membrane	
  and	
  myelin	
  

specific	
  proteins	
  generated	
  depend	
  on	
  vesicular	
  trafficking	
  for	
  movement	
  to	
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the	
   plasma	
  membrane.	
   Generation	
   of	
  myelin	
   depends	
   on	
   the	
   exocytosis	
   of	
  

myelin	
  lipids	
  and	
  proteins	
  from	
  the	
  biosynthetic	
  pathway	
  and	
  an	
  endosomal	
  

pool.	
  Changes	
  in	
  the	
  balance	
  of	
  exocytosis/endocytosis	
  provide	
  a	
  mechanism	
  

of	
  myelin	
   generation	
  where	
   down-­‐regulation	
   of	
   endocytosis	
   contributes	
   to	
  

membrane	
  deposition	
  [161].	
  

	
   The	
   final	
   architecture	
   of	
   a	
   myelin	
   sheath	
   provides	
   the	
   structure	
   to	
  

support	
  fast,	
  saltatory	
  conduction	
  down	
  an	
  axon	
  in	
  an	
  insulated	
  environment	
  

(Fig.	
   1.7).	
   The	
   sheaths	
   provide	
   an	
   insulated	
   and	
   metabolically	
   isolated	
  

environment	
  for	
  the	
  axon	
  that	
  is	
  interrupted	
  by	
  exposed	
  axonal	
  membranes	
  

known	
  as	
  nodes	
  of	
  Ranvier.	
  Saltatory	
  conduction	
  takes	
  place	
  at	
  the	
  nodes	
  of	
  

Ranvier	
  where	
  Na+	
  channels	
  are	
  clustered	
  in	
  the	
  axonal	
  membrane	
  between	
  

paranodal	
  axoglial	
  junctions	
  that	
  provide	
  a	
  diffusion	
  barrier.	
  Fast	
  K+	
  channels	
  

are	
   concentrated	
   in	
   the	
   adjacent	
   juxtaparanodal	
   region.	
   Compact	
   myelin	
  

forms	
   a	
   periodic	
   structure	
   around	
   the	
   axon	
  with	
   the	
   innermost	
   part	
   of	
   the	
  

sheath	
  being	
  the	
  farthest	
  extension	
  of	
  the	
  myelinating	
  glial	
  cell.	
  The	
  axon	
  and	
  

myelin	
  sheath	
  are	
  separated	
  by	
  a	
  periaxonal	
  space,	
  and	
  the	
  compact	
  myelin	
  is	
  

connected	
  through	
  gap	
   junctions	
   in	
   the	
  Schmidt-­‐Lanterman	
   incisures	
  (SLIs)	
  

or	
  local	
  stacks	
  of	
  non-­‐compact	
  myelin.	
  The	
  periodic	
  ultrastructure	
  of	
  myelin	
  

is	
   maintained	
   by	
   homo	
   and	
   heterophilic	
   interactions	
   of	
   specific	
   myelin	
  

proteins	
   expressed	
   in	
   glia	
   cells	
   that	
   confer	
   the	
   structural	
   stability	
   for	
  

compact,	
   organized	
   myelin	
   sheaths.	
   Two	
   such	
   proteins,	
   peripheral	
   myelin	
  

protein	
   22	
   (PMP22)	
   and	
   myelin	
   protein	
   zero	
   (P0),	
   are	
   components	
   of	
  

compact	
  myelin	
  in	
  the	
  peripheral	
  nervous	
  system.	
  Myelin	
  protein	
  zero	
  (MPZ	
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or	
   P0)	
   is	
   the	
   most	
   abundant	
   protein	
   in	
   peripheral	
   myelin,	
   accounting	
   for	
  

approximately	
   50%	
   of	
   the	
   total	
   protein	
   content	
   [162,	
   163].	
   A	
   single-­‐pass	
  

transmembrane	
  protein,	
  P0	
  has	
  a	
  glycosylated	
  extracellular	
  immunoglobulin-­‐

like	
   domain	
   stabilized	
   by	
   a	
   disulfide	
   domain	
   [163,	
   164].	
   P0	
   undergoes	
  

homophilic	
   interactions	
   to	
   act	
   as	
   an	
   adhesion	
   protein	
   connecting	
   adjacent	
  

myelin	
   lamellae	
  [165].	
  Both	
  the	
  extracellular	
  and	
  cytoplasmic	
  domain	
  of	
  P0	
  

are	
  required	
  for	
  its	
  adhesive	
  function	
  [166].	
  PO	
  also	
  undergoes	
  heterophilic	
  

interactions	
   with	
   PMP22	
   [167],	
   a	
   22-­‐kDa	
   tetraspan	
   transmembrane	
  

glycoprotein	
  that	
  constitutes	
  2-­‐5%	
  of	
  the	
  total	
  myelin	
  protein	
  content	
  [168].	
  	
  

	
   While	
   myelin	
   is	
   essential	
   for	
   physiologically	
   relevant	
   nerve	
  

conduction	
  velocities	
  and	
  motor	
  function,	
  another	
  very	
  important	
  function	
  of	
  

myelination	
   is	
   its	
  contribution	
  to	
  neuronal	
  development	
  and	
  survival	
  [169].	
  

Secondary	
   axon	
   degeneration	
   as	
   a	
   consequence	
   of	
   dysmyelination	
   leads	
   to	
  

the	
  serious	
  long-­‐term	
  disabilities	
  seen	
  in	
  MS	
  and	
  CMT.	
  Demyelination	
  in	
  the	
  

Trembler	
   mouse	
   (mutant	
   PMP22)	
   results	
   in	
   a	
   decrease	
   in	
   neurofilament	
  

phosphorylation	
   and	
   reduces	
   the	
   rate	
   of	
   slow	
   axonal	
   transport	
   [170].	
  

Reduced	
  axonal	
  calibre	
  was	
  also	
  observed	
  as	
  a	
  consequence	
  of	
   the	
  reduced	
  

neurofilament	
   phosphorylation	
   [170].	
   While	
   myelination	
   is	
   important	
   for	
  

axonal	
  preservation,	
   the	
  presence	
  of	
   the	
  glia,	
   independent	
  of	
  myelination	
   is	
  

also	
  important.	
  Myelinating	
  glia	
  regulate	
  the	
  microenvironment	
  surrounding	
  

neurons,	
   provide	
   trophic	
   support,	
   and	
   contribute	
   to	
   neuronal	
   development	
  

independently	
  of	
  myelination	
  [171,	
  172].	
  Neurons	
  and	
  myelinating	
  glia	
  have	
  

a	
   symbiotic	
   relationship	
   and	
   defects	
   in	
   either	
   one	
   will	
   have	
   detrimental	
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functional	
   consequences	
   on	
   the	
   other.	
   Consequently,	
   myelin	
   disease	
   could	
  

originate	
   from	
  problems	
  with	
   the	
  neuron,	
  and	
   it	
  has	
  been	
  proposed	
   that	
   in	
  

diseases	
   like	
  MS,	
   aberrant	
   expression	
  of	
   certain	
  molecules	
   on	
   the	
  neuronal	
  

surface	
  could	
  inhibit	
  the	
  remyelination	
  process	
  [173].	
  	
  

ER	
  Protein	
  Quality	
  Control	
  and	
  Myelination	
  

N-­‐glycosylation	
   of	
   nascent	
   proteins	
   targets	
   them	
   to	
   the	
  

calnexin/calreticulin	
   cycle.	
   A	
   number	
   of	
   major	
   myelin	
   proteins	
   are	
  

glycosylated	
   including	
   P0	
   and	
  PMP22	
   of	
   the	
   PNS	
   and	
   the	
  minor	
   but	
   highly	
  

immunogenic	
   component	
   of	
   the	
   CNS,	
   myelin	
   oligodendrocyte	
   glycoprotein	
  

MOG	
  [162,	
  174-­‐177].	
  This	
  makes	
  lectin	
  chaperones	
  particularly	
  important	
  for	
  

myelin	
  protein	
  quality	
  control	
  (Figure	
  1.8).	
  In	
  its	
  capacity	
  as	
  a	
  lectin	
  quality	
  

control	
  chaperone,	
  calnexin	
  is	
  likely	
  involved	
  in	
  the	
  folding	
  of	
  all	
  glycosylated	
  

integral	
  membrane	
  myelin	
  proteins.	
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Figure	
  1.8.	
  Quality	
  control	
  of	
  myelin	
  proteins.	
  	
  

Myelin	
   proteins	
   are	
   often	
   glycosylated	
   and	
   thus	
   calnexin	
   substrates.	
  
Problems	
   with	
   the	
   quality	
   control	
   apparatus	
   can	
   lead	
   to	
   two	
   independent	
  
outcomes:	
  misfolded	
   proteins	
   either	
   escape	
   the	
   quality	
   control	
   system	
   and	
  
enter	
   the	
   secretory	
   pathway	
   or	
   are	
   successfully,	
   although	
   potentially	
  more	
  
detrimentally,	
   retained	
   in	
   the	
   ER.	
   Recently,	
   misfolded	
   peripheral	
   myelin	
  
protein	
   22	
   (PMP22)	
   and	
   protein	
   zero	
   (P0)	
   have	
   been	
   shown	
   to	
   traffic	
  
through	
  the	
  secretory	
  pathway	
  to	
  the	
  cell	
  surface	
  in	
  the	
  absence	
  of	
  calnexin.	
  
Mutant	
  proteolipid	
  protein	
  (PLP)	
   is	
  retained	
  in	
  the	
  ER,	
   leading	
  to	
   loss	
  of	
   its	
  
expression	
  at	
  the	
  plasma	
  membrane.	
  If	
  ER-­‐associated	
  degradation	
  (ERAD)	
  is	
  
unable	
   to	
   cope	
  with	
   the	
  misfolded	
   protein	
   load	
   retained	
   by	
   quality	
   control	
  
chaperones	
   in	
   the	
   ER,	
   it	
   can	
   lead	
   to	
   the	
   induction	
   of	
   the	
   Unfolded	
   Protein	
  
Response	
  (UPR).	
  Both	
  trafficking	
  of	
  misfolded	
  proteins	
  through	
  the	
  secretory	
  
pathway	
  and	
   retention	
  of	
  misfolded	
  proteins	
   in	
   the	
  ER	
   results	
   in	
  problems	
  
with	
  critical	
  structural	
  elements	
  for	
  compact	
  myelin	
  sheaths.	
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There	
   are	
   many	
   animal	
   models	
   available	
   to	
   study	
   different	
   aspects	
  

and	
   effects	
   of	
   dysmyelination	
   [178]	
   and	
   several	
  mouse	
  models	
   have	
   led	
   to	
  

the	
   discovery	
   of	
   the	
   genetic	
   contributions	
   underlying	
   clinical	
   disease.	
  

Notably,	
   several	
   of	
   these	
   dysmyelination	
  mouse	
  models	
   are	
   attributable	
   to	
  

gene	
   mutations	
   that	
   result	
   in	
   a	
   loss	
   of	
   appropriate	
   protein	
   folding	
   and	
  

trafficking	
  quality	
   control	
   at	
   the	
  ER.	
  One	
   such	
   example	
   is	
   the	
   trembler	
   (Tr)	
  

and	
   trembler-­‐J	
   (Tr-­‐J)	
   mice.	
   Tr	
   and	
   Tr-­‐J	
   mice	
   carry	
   natural	
   autosomal	
  

dominant	
   mutations	
   in	
   the	
   gene	
   encoding	
   PMP22	
   [179]	
   and	
   led	
   to	
   the	
  

identification	
  of	
  a	
  role	
  for	
  PMP22	
  in	
  the	
  clinical	
  disease	
  CMT	
  [180].	
  CMT,	
  one	
  

of	
   the	
  most	
   commonly	
   inherited	
   neurological	
   disorders	
  with	
  more	
   than	
   30	
  

different	
  contributing	
  genes,	
  affects	
  the	
  peripheral	
  nervous	
  system.	
  Clinically,	
  

the	
  disease	
  is	
  categorized	
  into	
  4	
  main	
  types	
  (CMT1-­‐4)	
  and	
  these	
  are	
  classified	
  

into	
   further	
   subtypes	
   depending	
   on	
   the	
   causative	
   gene	
   (for	
   a	
   list	
   see	
  

http://www.molgen.ua.ac.be/CMTMutations/Home/IPN.cfm).	
   Since	
   the	
  

identification	
   of	
   the	
   trembler	
   mice,	
   PMP22	
   mutation	
   and	
   overexpression	
  

murine	
  models	
  have	
  been	
  used	
  extensively	
   to	
   study	
  various	
  CMT	
  subtypes.	
  

PMP22	
   duplication	
   resembles	
   CMT1	
   and	
   mice	
   overexpressing	
   PMP22	
  

demonstrate	
  a	
  slower	
  rate	
  of	
  myelination	
  restricted	
  to	
  small	
  diameter	
  axons	
  

with	
   a	
   resulting	
   decreased	
  myelin	
   thickness	
   (hypomyelination)	
   [181].	
  Mice	
  

devoid	
  of	
  PMP22	
  have	
  a	
  delayed	
  onset	
  of	
  myelination	
  and	
  develop	
  abundant	
  

tomocula	
   [182],	
   a	
   term	
   derived	
   from	
   the	
   Latin	
   word	
   tomaculum	
   (meaning	
  

sausage)	
   that	
   is	
   used	
   to	
   describe	
   the	
   bulbous	
   expansions	
   of	
   redundant	
  

myelin.	
  PMP22	
  deletion	
  is	
  reminiscent	
  of	
  hereditary	
  neuropathy	
  with	
  liability	
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to	
  pressure	
  palsies	
  (HNPP)	
  [183,	
  184].	
  A	
  number	
  of	
  PMP22	
  point	
  mutants	
  are	
  

retained	
   in	
   the	
  ER	
   and	
   are	
   never	
   trafficked	
   to	
   the	
  myelin	
  membrane	
   [185-­‐

187].	
   PMP22Tr	
   and	
   PMP22Tr-­‐J	
   mutants	
   are	
   known	
   to	
   have	
   prolonged	
  

association	
   with	
   calnexin	
   in	
   the	
   ER	
   and	
   it	
   has	
   been	
   postulated	
   that	
   this	
  

prolonged	
   retention	
   of	
   mutant	
   PMP22	
   provides	
   a	
   mechanism	
   for	
   the	
  

resulting	
  neuropathies	
  [188].	
  Absence	
  of	
  PMP22	
  at	
  the	
  myelin	
  membrane	
  can	
  

result	
   from	
   lack	
   of	
   protein	
   expression	
   or	
   a	
   point	
  mutation	
   causing	
   it	
   to	
   be	
  

retained	
  in	
  the	
  ER.	
  Either	
  one	
  leads	
  to	
  the	
  loss	
  of	
  a	
  critical	
  myelin	
  structural	
  

element	
  (Figure	
  1.8).	
  

Myelin	
   P0	
   is	
   the	
   most	
   abundant	
   protein	
   component	
   of	
   peripheral	
  

myelin	
  and	
  more	
  than	
  90	
  different	
  point	
  mutations	
  in	
  the	
  gene	
  encoding	
  P0	
  

are	
  known	
  to	
  contribute	
   to	
   inherited	
  neuropathies	
   including	
  CMT	
  and	
  DSN.	
  

Similar	
   to	
   PMP22	
   mutant	
   proteins,	
   many	
   P0	
   mutants	
   are	
   retained	
   in	
   the	
  

endoplasmic	
   reticulum.	
   Interestingly,	
   curcumin,	
   a	
   dietary	
   supplement,	
   has	
  

been	
   shown	
   to	
   stimulate	
   the	
   translocation	
   of	
   ER	
   retained	
   mutant	
   P0	
   and	
  

subsequently	
   reduce	
   apoptosis	
   induced	
   by	
   P0	
   mutant	
   accumulation	
   [189].	
  

Thus,	
   overcoming	
   the	
   ER	
   retention	
   of	
   mutant	
   P0	
   and	
   PMP22	
   could	
   be	
  

beneficial	
  (Figure	
  1.8).	
  

	
   Pelizaeus-­‐Merzbacher	
   disease	
   (PMD)	
   is	
   a	
   dysmyelinating	
   disease	
   of	
  

the	
   central	
   nervous	
   system.	
   Reminiscent	
   of	
   CMT,	
   PMD	
   is	
   caused	
   by	
  

heterogeneous	
  missense	
  mutations,	
  gene	
  duplication	
  or	
  deletion	
  of	
  a	
  myelin	
  

protein,	
   proteolipid	
   protein	
   (PLP).	
   Similarly	
   to	
   P0	
   in	
   the	
   PNS,	
   PLP	
   is	
   the	
  

major	
   protein	
   component	
   of	
   the	
   CNS.	
   It	
  was	
   the	
   similarities	
   between	
   PMD	
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and	
  CMT1A	
  (caused	
  by	
  a	
  duplication	
  of	
  PMP22)	
  that	
  led	
  to	
  the	
  identification	
  

of	
  PLP	
  duplications	
  in	
  PMD	
  patients	
  [190].	
  Correlations	
  can	
  be	
  made	
  between	
  

the	
   type	
   of	
  mutation	
   and	
   the	
   clinical	
   phenotype	
  with	
   deletions	
   resulting	
   in	
  

mild	
  disease,	
  duplications	
  in	
  moderate	
  PMD,	
  and	
  missense	
  mutations	
  leading	
  

to	
   severe	
   disease	
   [191].	
   However,	
   the	
   clinical	
   severity	
   of	
   PMD	
   cannot	
   be	
  

explained	
  by	
  the	
  size	
  of	
  PLP	
  duplication	
  [192]	
  and	
  it	
  has	
  been	
  proposed	
  that	
  

modifier	
  genes	
  within	
  the	
  duplicated	
  region	
  or	
  elsewhere	
  in	
  the	
  genome	
  may	
  

affect	
   PLP	
   expression	
   and	
   subsequent	
   disease	
   pathogenesis	
   [191].	
   As	
  well,	
  

the	
  disease	
  caused	
  by	
  missense	
  mutations	
  can	
  range	
   in	
  phenotypic	
  severity	
  

from	
   mild	
   PMD	
   and	
   late-­‐onset	
   spastic	
   paraplegia	
   type	
   2	
   (SPG2),	
  

characterized	
   by	
   hypomyelination	
   [193,	
   194],	
   to	
   the	
   severe	
   connatal	
   PMD,	
  

characterized	
   by	
   a	
   severe	
   deficit	
   of	
   myelin	
   sheaths	
   and	
   widespread	
  

oligodendrocyte	
   apoptosis	
   [195,	
   196].	
   The	
   pathogenic	
   mechanism	
  

underlying	
  PMD	
  was	
  thought	
  to	
  be	
  related	
  to	
  the	
  accumulation	
  of	
  misfolded	
  

PLP	
   in	
   the	
   ER,	
   leading	
   to	
   the	
   activation	
   of	
   the	
   UPR	
   and	
   oligodendrocyte	
  

apoptosis	
  [197-­‐199].	
  However,	
  this	
  did	
  not	
  address	
  the	
  range	
  in	
  phenotypic	
  

severity	
  seen	
  with	
  various	
  missense	
  mutations.	
  A	
  recent	
  study	
  examined	
  two	
  

different	
  mutations	
  within	
  PLP,	
  the	
  A242V	
  mutant	
  associated	
  with	
  severe	
  PMD	
  

and	
  the	
  G245A	
  mutant	
  associated	
  with	
  mild	
  disease	
  [200].	
  Both	
  mutants	
  were	
  

localized	
  with	
  calnexin	
  in	
  the	
  ER,	
  indicating	
  ER	
  retention.	
  However,	
  the	
  G245A	
  

mutant	
  associated	
  with	
  mild	
  disease	
  was	
  more	
  efficiently	
  cleared	
  from	
  the	
  ER	
  

for	
  degradation	
  than	
  the	
  severe-­‐disease-­‐associated	
  A242V	
  mutant.	
  It	
  was	
  also	
  

observed	
  that	
  the	
  A242V	
  mutant	
  formed	
  oligomeric	
  structures.	
  The	
  decreased	
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ERAD	
   of	
   the	
   A242V	
   led	
   to	
   the	
   induction	
   of	
   UPR,	
   and	
   reduced	
   cell	
   viability	
  

under	
  high	
  mutant	
  expression	
  conditions,	
  whereas	
  the	
  mild	
  phenotype	
  G245A	
  

mutant	
   did	
   not	
   activate	
   UPR.	
   Similarly	
   to	
   PMP22	
   and	
   P0	
   mutants,	
   ER	
  

retention	
  of	
  PLP	
  mutants	
  appears	
  to	
  contribute	
  to	
  the	
  resulting	
  disease.	
  

ER	
  Stress	
  in	
  Dysmyelination	
  

	
   ER	
  stress	
  is	
  thought	
  to	
  contribute	
  to	
  dysmyelinating	
  pathologies.	
  The	
  

ER	
  is	
  an	
  essential	
  site	
  of	
  secreted	
  and	
  transmembrane	
  protein	
  synthesis	
  and	
  

folding	
   and	
  maintenance	
   of	
   ER	
   homeostasis	
   is	
   critical	
   for	
   cellular	
   function	
  

and	
  survival.	
  Glial	
  cells	
  require	
  large	
  amounts	
  of	
  lipids	
  and	
  proteins	
  to	
  form	
  

their	
   myelinating	
   processes	
   and	
   such	
   a	
   system	
   would	
   be	
   particularly	
  

sensitive	
  to	
  any	
  aberrations	
  in	
  the	
  secretory	
  organelle	
  or	
  its	
  components	
  that	
  

supplied	
   the	
   necessary	
   building	
   blocks	
   for	
   myelin.	
   Recently,	
   components	
  

and/or	
   activation	
   of	
   UPR	
   have	
   been	
   implicated	
   in	
   dysmyelination.	
   It	
   was	
  

proposed	
   that	
   the	
   rate	
   of	
   which	
   different	
   proteolipid	
   (PLP)	
   mutants	
   are	
  

cleared	
   from	
   the	
   ER	
   and	
   the	
   extent	
   of	
   UPR	
   activation	
   could	
   explain	
   the	
  

varying	
   disease	
   severity	
   of	
   the	
  mutants	
  where	
   increased	
  UPR	
   correlates	
   to	
  

increased	
  severity	
  [200].	
  In	
  fact,	
  ablation	
  of	
  CHOP	
  (CCAAT/enhancer-­‐binding	
  

protein	
   (C/EBP)	
   homologous	
   protein),	
   a	
   downstream	
   effector	
   of	
   UPR	
  

signaling,	
  restores	
  the	
  motor	
  function	
  and	
  reduces	
  demyelination	
  two-­‐fold	
  in	
  

P0S63del	
  mice,	
  a	
  model	
  of	
  CMT1B	
  [201].	
  	
  

Antibodies	
  to	
  MOG	
  are	
  elevated	
  in	
  MS	
  patients	
  and	
  this	
   is	
  thought	
  to	
  

be	
   part	
   of	
   the	
   autoimmune	
   destruction	
   of	
   myelin	
   [202-­‐204].	
   Interestingly,	
  

when	
  the	
  molecular	
  effects	
  of	
  antibody	
  cross-­‐linking	
  of	
  MOG	
  on	
  the	
  surface	
  of	
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oligodendrocytes	
   were	
   investigated,	
   changes	
   in	
   stress	
   response-­‐related	
  

proteins	
   were	
   observed	
   [205].	
   Anti-­‐MOG	
   antibodies	
   led	
   to	
   the	
   increased	
  

phosphorylation	
  of	
  EF-­‐2,	
  HSP74	
  and	
  α-­‐enolase,	
  and	
  subsequent	
  activation	
  of	
  

cellular	
  stress	
  pathways.	
  This	
  implicates	
  that	
  antibody	
  recognition	
  of	
  MOG	
  in	
  

autoimmune	
   demyelinating	
   diseases	
   such	
   as	
   MS	
   can	
   activate	
   an	
   ER	
   stress	
  

response.	
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Figure	
  1.9.	
  ER	
  stress	
  and	
  misfolded	
  myelin	
  proteins.	
  	
  

Sustained	
  protein	
  unfolding	
  in	
  the	
  ER,	
  such	
  as	
  would	
  be	
  the	
  case	
  with	
  myelin	
  
proteins	
   proteolipid	
   protein	
   (PLP)	
   or	
   protein	
   zero	
   (P0)	
   containing	
   certain	
  
amino	
   acid	
   mutations,	
   activates	
   the	
   Unfolded	
   Protein	
   Response.	
   This	
   is	
  
modulated	
   through	
   three	
   endoplasmic	
   proteins	
   sensors,	
   IRE1,	
   PERK,	
   and	
  
ATF6.	
   BiP	
   binds	
   to	
   all	
   three	
   proteins	
   and	
   it	
   is	
   titrated	
   away	
   by	
   unfolded	
  
proteins	
   in	
   the	
  ER	
   lumen.	
  Upon	
   the	
  dissociation	
  of	
  BiP,	
   IRE1	
  dimerizes	
  and	
  
auto-­‐phosphorylates,	
   activating	
   its	
   RNase	
   domain.	
   XBP-­‐1	
   mRNA	
   is	
   cleaved	
  
with	
  spliced	
  XBP1	
  mRNA	
  being	
  an	
  active	
  transcription	
  factor	
  that	
  induces	
  the	
  
translation	
  of	
  ER	
  quality	
  chaperones	
  and	
  folding	
  machinery	
  to	
  deal	
  with	
  the	
  
increased	
   protein	
   load.	
   Upon	
   BiP	
   titration,	
   PERK	
   similarly	
   dimerizes	
   and	
  
auto-­‐phosphorylates.	
   PERK	
   also	
   phosphorylates	
   eIF1α,	
   leading	
   to	
   the	
  
inhibition	
   of	
   general	
   translation.	
   Along	
   with	
   BiP,	
   calreticulin	
   also	
   retains	
  
ATF6	
   in	
   the	
   ER,	
   a	
   retention	
   mechanism	
   that	
   is	
   overcome	
   under	
   ER	
   stress	
  
conditions	
  by	
  underglycosylation	
  of	
  newly	
  synthesized	
  ATF6.	
  Loss	
  of	
  BiP	
  and	
  
CRT	
  interaction	
  allows	
  ATF6	
  to	
  translocate	
  to	
  the	
  Golgi	
  where	
  it	
  is	
  cleaved	
  by	
  
Site-­‐1-­‐protease	
   (S1P)	
  and	
  Site-­‐2-­‐protease	
   (S2P),	
   releasing	
   its	
   cytosolic	
  bZIP	
  
domain	
  that	
  translocates	
  to	
  the	
  nucleus	
  to	
  activate	
  transcription	
  of	
  proteins	
  
such	
  as	
  CHOP,	
  a	
  pro-­‐apoptotic	
  transcription	
  factor.	
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The	
  Role	
  of	
  ER	
  Ca2+	
  Stores	
  in	
  Myelin	
  

The	
  ER	
   is	
   responsible	
   for	
   the	
   storage	
  of	
   the	
  majority	
  of	
   intracellular	
  

Ca2+	
   and	
   this	
   high	
   Ca2+	
   concentration	
   is	
   required	
   for	
   protein	
   folding	
   and	
  

glycoprotein	
   processing	
   [7,	
   8].	
   The	
   glutamatergic	
   system	
   of	
   excitatory	
  

neurotransmission,	
   where	
   glutamate	
   is	
   the	
   natural	
   ligand	
   for	
   the	
   ion-­‐

permeable	
   channels	
   α-­‐amino-­‐3-­‐hydroxy-­‐methyl-­‐4-­‐isoxazole	
   propionic	
   acid	
  

(AMPA),	
  kainate	
  and	
  N-­‐methyl-­‐D-­‐aspartate	
  (NMDA)	
  receptors,	
   is	
  critical	
   for	
  

excitatory	
   neurotransmission	
   in	
   the	
   CNS	
   and	
   essential	
   to	
   plasticity	
   and	
  

neuronal	
   development.	
   NMDA	
   receptors	
   are	
   slow	
   gating	
   channels	
   that	
   are	
  

highly	
  permeable	
  to	
  Na+	
  and	
  Ca2+	
  and	
  activation	
  of	
  NMDA	
  receptors	
  is	
  known	
  

to	
  induce	
  Ca2+-­‐induced	
  Ca2+	
  release	
  (CICR)	
  from	
  internal	
  Ca2+	
  stores	
  (i.e.	
  ER)	
  

in	
  hippocampal	
  dendritic	
  spines	
  [206].	
  It	
  was	
  previously	
  thought	
  that	
  AMPA	
  

and	
   kainate	
   receptors,	
   but	
   not	
   NMDA	
   receptors,	
   were	
   expressed	
   in	
   white	
  

matter	
  glia	
  [207].	
  Since	
  then,	
  several	
  groups	
  have	
  demonstrated	
  the	
  presence	
  

of	
   NMDAR	
   in	
   oligodendrocyte	
   processes	
   and	
   the	
   inner	
   and	
   outer	
   loops	
   of	
  

compact	
   myelin	
   where	
   NMDAR	
   is	
   shown	
   to	
   mediate	
   Ca2+	
   accumulation	
   in	
  

myelin	
   during	
   chemical	
   ischemia	
   [208-­‐210].	
   As	
   previously	
   discussed,	
  

resident	
  chaperone	
  molecules	
  of	
  the	
  ER,	
  such	
  as	
  calnexin,	
  are	
  critical	
  for	
  the	
  

quality	
   control	
   and	
   assembly	
   of	
   transmembrane	
  proteins,	
   including	
  plasma	
  

membrane	
   receptors	
   such	
   as	
   the	
   NMDA	
   and	
   AMPA	
   receptor.	
   Calnexin	
   has	
  

been	
   shown	
   to	
   interact	
   with	
   the	
   NR1	
   NMDA	
   receptor	
   subunit	
   [211]	
   and	
  

glycosylated	
  AMPA	
  receptors	
  [212].	
  In	
  this	
  case,	
  the	
  contributions	
  of	
  the	
  ER	
  

to	
   healthy	
  myelin	
   sheaths	
   is	
   two-­‐fold:	
   first,	
   quality	
   control	
   chaperones	
   are	
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responsible	
   for	
   the	
   appropriate	
   folding,	
   assembly	
   and	
   trafficking	
   of	
   the	
  

NMDAR	
   subunits	
   to	
   the	
   plasma	
   membrane,	
   second,	
   the	
   appropriate	
  

modulation	
   of	
   potentially	
   damaging	
  ER	
  Ca2+	
   stores	
   downstream	
  of	
  NMDAR	
  

activation	
  is	
  critical.	
  Maintaining	
  ER	
  Ca2+	
  homeostasis	
  through	
  regulation	
  of	
  

the	
  plasma	
  membrane	
  receptors	
  and	
  the	
  internal	
  ER	
  Ca2+	
  store	
  is	
  essential	
  to	
  

prevent	
  structural	
  damage	
  caused	
  to	
  myelin	
  with	
  Ca2+	
  accumulation.	
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Objectives	
  

An	
  objective	
  of	
  my	
  thesis	
  was	
  to	
  investigate	
  the	
  functional	
  role	
  of	
  calnexin	
  in	
  

a	
   mouse	
   model.	
   We	
   employed	
   a	
   loss-­‐of-­‐function	
   approach	
   to	
   examine	
   the	
  

impact	
   of	
   calnexin-­‐deficiency	
   in	
   a	
   mouse	
   model.	
   The	
   major	
   structural	
  

difference	
   between	
   calreticulin	
   and	
   calnexin	
   is	
   that	
   calnexin	
   has	
   a	
  

transmembrane	
  domain	
  and	
   cytoplasmic	
   tail	
   in	
   addition	
   to	
   its	
  N+P	
   luminal	
  

domain.	
   To	
   determine	
   the	
   functional	
   significance	
   of	
   the	
   unique	
   calnexin	
   C-­‐

tail,	
  we	
  examined	
  structural	
  and	
  biophysical	
  characteristics	
  of	
  the	
  C-­‐tail.	
  We	
  

also	
   investigated	
   novel	
   protein-­‐binding	
   partners	
   and	
   post-­‐translational	
  

modifications.	
  	
  	
  

	
  

Hypothesis	
  

My	
  hypothesis	
  was	
   that	
   abrogating	
   calnexin	
  protein	
   expression	
   in	
   a	
  mouse	
  

model	
   would	
   provide	
   key	
   information	
   on	
   the	
   critical	
   functional	
   role	
   of	
  

calnexin.	
   As	
   calnexin	
   is	
   ubiquitously	
   expressed,	
   a	
   complete	
   interruption	
   of	
  

protein	
  expression	
  will	
  indicate	
  which	
  system	
  calnexin	
  is	
  most	
  important	
  for.	
  

As	
   the	
   major	
   structural	
   difference	
   between	
   calnexin	
   and	
   other	
   ER	
   quality	
  

control	
  chaperones,	
  such	
  as	
  calreticulin,	
  is	
  calnexin’s	
  unique	
  transmembrane	
  

domain	
   and	
   cytoplasmic	
   domain,	
   I	
   hypothesized	
   that	
   the	
   C-­‐tail	
   of	
   calnexin	
  

plays	
   important	
   structural	
   and	
   functional	
   roles	
   in	
   the	
   protein.	
   Elucidating	
  

protein-­‐binding	
  partners	
  will	
  help	
  define	
  molecular	
  complexes	
   that	
   interact	
  

with	
  the	
  C-­‐tail	
  and	
  thus	
  its	
  function.	
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Introduction	
  

Calnexin	
  is	
  a	
  ubiquitous	
  ER	
  resident	
  transmembrane	
  lectin	
  chaperone	
  

responsible	
  for	
  the	
  quality	
  control	
  of	
  protein	
  folding.	
  It	
  shares	
  this	
  role	
  with	
  

the	
  highly	
   similar	
  but	
   soluble	
   calreticulin.	
   Calnexin	
  deficiency	
   is	
   lethal	
   in	
  S.	
  

pombe	
  but	
  not	
   in	
  S.	
  cerevisiae	
   [1],	
  Dictyostelium	
   [2,	
  3]	
  or	
   in	
  C.	
  elegans	
   [4,	
  5].	
  

Loss	
   of	
   calnexin	
   affects	
   phagocytosis	
   in	
  Dictyostelium	
   [2,	
   3]	
   and	
   promotes	
  

necrotic	
   cell	
   death	
   in	
   C.	
   elegans	
   [5].	
   Here,	
   we	
   investigate	
   the	
   effect	
   of	
  

calnexin-­‐deficiency	
  in	
  a	
  mouse	
  model.	
  We	
  generated	
  calnexin-­‐deficient	
  mice	
  

with	
   a	
   fully	
   disrupted	
   gene	
   and	
   demonstrate	
   that	
   these	
   mice	
   have	
   an	
  

aberrant	
  neurological	
  phenotype	
  characterized	
  by	
  gait	
  disturbance,	
  a	
  rolling	
  

walk	
  and	
  splaying	
  of	
  the	
  hind	
  limbs.	
  The	
  phenotype	
  was	
  linked	
  to	
  evidence	
  of	
  

both	
   central	
   and	
   peripheral	
   dysmyelination.	
   The	
   peripheral	
   abnormalities	
  

were	
  prominent	
  with	
  a	
  significant	
  decrease	
  in	
  the	
  nerve	
  conduction	
  velocity	
  

combined	
   with	
   wavy	
   and	
   decompacted	
   myelin	
   morphology	
   indicating	
  

defective	
   formation	
  and	
  compaction	
  of	
  myelin	
  sheaths.	
  This	
  study	
  reveals	
  a	
  

surprisingly	
  specific	
  role	
  for	
  calnexin	
  in	
  myelin	
  systems.	
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Materials	
  and	
  Methods	
  

Generation	
  of	
  Calnexin-­‐deficient	
  Mice	
  	
  

Gene	
   trapping	
   with	
   the	
   trap	
   vector	
   pGT1TMpfs	
   was	
   used	
   to	
   generate	
   the	
  

calnexin	
   gene	
  disrupted	
   embryonic	
   stem	
  cells,	
   designated	
  KST286.	
  The	
   cell	
  

line	
   KST286	
   was	
   from	
   the	
   Gene	
   Trap	
   Resource	
   at	
  

http://baygenomics.ucsf.edu	
  (BayGenomics,	
  University	
  of	
  San	
  Francisco,	
  San	
  

Francisco,	
  California).	
  The	
  KST286ES	
  cell	
  line	
  was	
  generated	
  from	
  the	
  129P2	
  

(formerly	
   129/Ola)	
   embryonic	
   stem	
   cell	
   line,	
   the	
   E14Tg2A.4	
   subclone.	
  

Parental	
   cell	
   lines	
   (CGR8	
   and	
   E14Tg2A)	
   were	
   established	
   from	
   delayed	
  

blastocysts.	
   Embryonic	
   stem	
   cells	
   were	
   microinjected	
   into	
   3.5-­‐d-­‐old	
  

C57BL/6J	
   blastocysts	
   to	
   generate	
   chimeric	
   mice	
   [6].	
   Chimeric	
   males	
   were	
  

analyzed	
   for	
   germline	
   transmission	
   by	
  mating	
  with	
   C57BL/6J	
   females,	
   and	
  

the	
   progeny	
   was	
   identified	
   by	
   PCR	
   analysis,	
   β-galactosidase	
   staining,	
   and	
  

Western	
  blot	
  analysis.	
  All	
  animal	
  experimental	
  procedures	
  were	
  approved	
  by	
  

the	
   Animal	
   Welfare	
   Program	
   at	
   the	
   Research	
   Ethics	
   Office,	
   University	
   of	
  

Alberta	
  and	
  conformed	
  to	
  the	
  guidelines	
  set	
  forth	
  by	
  the	
  Canadian	
  Council	
  on	
  

Animal	
  Care.	
  	
  

Genotype	
  Analysis	
  of	
  Calnexin-­‐deficient	
  Mice	
  	
  

Genomic	
  DNA	
  was	
  isolated	
  from	
  mouse	
  tails	
  using	
  Trizol	
  Reagent	
  [6].	
  Inverse	
  

PCR	
   technique	
   was	
   used	
   to	
   identify	
   the	
   gene	
   trap	
   insertion	
   site	
   in	
   the	
  

calnexin	
  gene.	
  Briefly,	
  genomic	
  DNA	
  was	
  first	
  digested	
  with	
  BfaI	
  restriction	
  

enzyme	
   that	
   cleaves	
   at	
   frequent	
   intervals	
   and	
  digests	
   the	
   gene-­‐trap	
  vector	
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near	
   the	
  3’-­‐terminal	
   end.	
  The	
   resulting	
  DNA	
   fragments	
  were	
   ligated	
  under	
  

conditions	
  that	
  favor	
  intramolecular	
  circularization	
  of	
  single	
  fragments.	
  The	
  

nucleotide	
   sequence	
   located	
   at	
   the	
  3’-­‐terminal	
   end	
  of	
   the	
   gene-­‐trap	
   vector	
  

was	
   then	
   selectively	
   amplified	
   using	
   inverse	
   DNA	
   primers	
   (INVF1,	
   5’-­‐

TCAAGGCGAGTTACATGATCCC-­‐3’;	
   INVR1,	
   5’-­‐AAGCCATACCAAACGACGAGCG-­‐

3’)	
   derived	
   from	
   the	
   nucleotide	
   sequence	
   of	
   the	
   gene-­‐trap	
   vector.	
   The	
  

resulting	
   PCR	
   product	
   was	
   amplified	
   a	
   second	
   time	
   using	
   nested	
   DNA	
  

primers	
   (F2,	
   5’-­‐TCAAGGCGAGTTACATGATCCC-­‐3’;	
   R2,	
   5’-­‐

CGAGCGTGACACCACGATGC-­‐3’),	
   purified,	
   and	
   analyzed	
   for	
   nucleotide	
  

sequence.	
  The	
  PCR	
  product	
  obtained	
  corresponded	
   to	
   the	
  gene-­‐trap	
  vector	
  

and	
   extension	
   into	
   the	
   genomic	
   sequence	
   that	
   resides	
   immediately	
  

downstream.	
  This	
  allowed	
  determination	
  of	
   the	
  precise	
  point	
  of	
   the	
  vector	
  

integration	
   in	
   the	
   calnexin	
  gene.	
  Once	
   the	
   integration	
  site	
  was	
   identified,	
   it	
  

was	
  possible	
  to	
  design	
  a	
  protocol	
  for	
  genotyping	
  wild-­‐type,	
  heterozygote	
  and	
  

homozygote	
  calnexin-­‐deficient	
  mice.	
  DNA	
  primers	
  that	
   flank	
  the	
   integration	
  

site	
   allow	
   detection	
   of	
   the	
   wild-­‐type	
   allele	
   [Primers	
   F1	
   (exon	
   7)	
   (5’-­‐

GGCCAGATGCAGATCTGAAGACC-­‐3’),	
   R3	
   (intron	
   7-­‐8)	
   (5’-­‐

CACACAGGGTATGGGGCTGTTTCAG-­‐3’)],	
  whereas	
  DNA	
  primer	
   F2	
  within	
   the	
  

insertion	
  vector	
  sequence	
  with	
  primer	
  R3	
  was	
  used	
   to	
  detect	
   the	
  gene-­‐trap	
  

allele	
  insertion.	
  	
  

To	
   determine	
   that	
   no	
   alternative	
   splicing	
   around	
   the	
   interruption	
   cassette	
  

took	
   place,	
   RNA	
   was	
   isolated	
   from	
   wild-­‐type,	
   heterozygote	
   and	
   calnexin-­‐

deficient	
  brain	
  tissue	
  using	
  Trizol	
  reagent	
  followed	
  by	
  RT-­‐PCR	
  with	
  primers	
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designed	
  to	
  detect	
  if	
  there	
  is	
  splicing	
  around	
  the	
  gene-­‐trap	
  insertion	
  cassette;	
  

primers	
  before	
  the	
  insertion	
  (1F	
  5’	
  GAAGGTGAGGGAGCCGCCAGTG	
  3’,	
  7R	
  –	
  5’	
  

GTAGTCCTCTCCACACTTATCTGG	
   3’),	
   primers	
   flanking	
   the	
   site	
   of	
   insertion	
  

(7F	
   5’	
   CCAGATAAGTGTGGAGAGGACTAC	
   3’,	
   8R	
   5’	
  

CACGTGAAGGGTTTACAGGAGGAG	
   3’,	
   and	
   7F,	
   12R	
   5’	
  

GACGCTCTTCAGCTGCCTCCAG	
   3’),	
   primers	
   within	
   the	
   insertion	
   (InsR	
   5’	
  

CCTTCTCTGCCTTCCATCTCAACTC	
   3’	
   with	
   7F)	
   and	
   primers	
   following	
   the	
  

insertion	
   (12F	
   5’	
   CTGGAGGCAGCTGAAGAGCGTC	
   3’,	
   15R	
   5’	
  

GTCTCTAGGGCAACAGAACACTGC	
  3’)	
  as	
  well	
  as	
  a	
  GAPDH	
  loading	
  control	
  (F	
  5’	
  

TTCACCACCATGGAGAAGGC	
  3’,	
  R	
  5’	
  GGCATGGACTGTGGTCATGA	
  3’).	
  

E.	
  coli	
  Expression	
  and	
  Purification	
  of	
  Calnexin	
  Domains	
  	
  

cDNA	
   encoding	
   calnexin	
   C-­‐tail	
   (amino	
   acid	
   residues	
   486-­‐573)	
   was	
  

synthesized	
   by	
   PCR-­‐driven	
   amplification	
   of	
   canine	
   calnexin	
   in	
   a	
   Bluescript	
  

plasmid	
   DNA	
   construct	
   using	
   the	
   following	
   primers:	
   forward	
   primer:	
   5’-­‐

CATGCCATGGCTGGAAAGAAACAGTCAAG-­‐3’	
   and	
   reverse	
   primer:	
   5’-­‐

GCTCTAGACACTCTCTTCGTGGCTTTC-­‐3’.	
  cDNA	
  was	
  cloned	
  into	
  pBAD	
  His-­‐tag	
  

vector	
  using	
  NcoI	
  and	
  XbaI	
  restriction	
  enzymes.	
  cDNA	
  encoding	
  N+P-­‐domain	
  

of	
   calnexin	
   (amino	
   acid	
   residues	
   1-­‐461)	
   was	
   amplified	
   by	
   a	
   PCR-­‐driven	
  

reaction	
   using	
   the	
   following	
   primers:	
   forward	
   primer,	
   5’-­‐

CATGCCATGGATCATGAAGGACATGATGAT-­‐3’	
   and	
   reverse	
   primer	
   5’-­‐

GCTCTAGAGGGCGCTCCTCAGCTGCCTC-­‐3’.	
   cDNA	
   was	
   cloned	
   into	
   pBAD	
  

plasmid	
  using	
  NcoI	
  and	
  XbaI	
  restriction	
  sites.	
  Proteins	
  were	
  expressed	
  in	
  Top	
  

10	
   F’	
   E.	
   coli	
   according	
   to	
   the	
   pBAD	
   expression	
   system	
   using	
   0.02%	
   L-­‐
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arabinose	
  induction	
  for	
  4	
  hours.	
  His-­‐tagged	
  protein	
  purification	
  was	
  carried	
  

out	
  on a Ni2+-nitriloacetic acid-agarose affinity column as	
  previously	
  described	
  

[7]	
  (see	
  Chapter	
  Three	
  “Materials	
  and	
  Methods”).	
  

Western	
  Blot	
  Analysis	
  	
  

Two	
  distinct	
  polyclonal	
   rabbit	
   anti-­‐calnexin	
  antibodies	
  were	
  used:	
  SPA-­‐860	
  

(Stressgen	
   Biotechnologies)	
   was	
   raised	
   against	
   a	
   synthetic	
   peptide	
  

corresponding	
  to	
  the	
  C-­‐terminus	
  of	
  calnexin	
  (amino	
  acid	
  residues	
  575-­‐593)	
  

and	
   SPA-­‐865	
   (Stressgen	
   Biotechnologies)	
   was	
   raised	
   against	
   a	
   synthetic	
  

peptide	
   near	
   the	
   amino-­‐terminus.	
   Antibodies	
   were	
   used	
   at	
   a	
   1:1000,	
   and	
  

1:500	
   dilution,	
   respectively.	
   Preparation	
   of	
   cell	
   extracts,	
   Western	
   blot	
  

analysis	
   and	
   immunostaining	
  of	
  wild-­‐type	
  and	
   calnexin-­‐deficient	
   cells	
  were	
  

carried	
  out	
  as	
   follows.	
  Cells	
  were	
   lysed	
   in	
  RIPA	
  buffer	
  containing	
  containing 

50 mM Tris, pH, 7.0, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-

100, 0.1% SDS, 0.5% sodium deoxycholate	
  with	
  a	
  protease	
   inhibitor	
   cocktail	
  

(0.5 mM PMSF, 0.5 mM benzamidine, 0.05 µg/ml aproprotin, 0.025 µg/ml 

phosphormidone, 0.05 µg/ml TLCK, 0.05 µg/ml APMSF, 0.05 µg/ml E-64, 0.025 

µg/ml leupeptin and 0.01 µg/ml pepstatin).	
  Twenty µg of	
  cell	
  and	
  brain	
   tissue	
  

extracts	
  and	
  200	
  ng	
  of	
  purified	
  recombinant	
  protein	
  (C-­‐tail	
  and	
  N+P-­‐domain)	
  

was	
   used	
   for	
   Western	
   blot	
   analysis	
   of	
   calnexin	
   protein	
   expression.	
  

Membranes	
   were	
   stripped	
   with	
   stripping	
   buffer	
   (1%	
   SDS,	
   100	
   mM	
   β-­‐

mercaptoethanol,	
  50	
  mM	
  Tris-­‐HCl,	
  pH	
  6.8)	
  and	
   re-­‐probed	
  with	
  anti-­‐GAPDH	
  

antibodies	
  (1:500,	
  Abcam)	
  for	
  quantification.	
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Electrophysiology	
  Measurements	
  	
  

Newborn,	
   1-­‐day	
   or	
   2-­‐day-­‐old	
   mice	
   (P0–P2)	
   were	
   used	
   for	
   the	
  

electrophysiological	
  experiments	
  [8].	
  The	
  spinal	
  cord	
  was	
  pinned	
  ventral	
  side	
  

up	
   in	
   a	
   recording	
   chamber	
  and	
  perfused	
  with	
  oxygenated	
  Ringer’s	
   solution	
  

containing	
  111	
  mM	
  NaCl,	
  3.08	
  mM	
  KCl,	
  11	
  mM	
  glucose,	
  25	
  mM	
  NaHCO3,	
  1.18	
  

mM	
   KH2PO4,	
   1.25	
   mM	
   MgSO4,	
   2.52	
   mM	
   CaCl2	
   at	
   room	
   temperature.	
  

Electroneurogram	
   (ENG)	
   recordings	
   were	
  made	
   by	
   placing	
   bipolar	
   suction	
  

electrodes	
   on	
   a	
   combination	
   of	
   the	
   second	
   and	
   fifth	
   lumbar	
   ventral	
   roots	
  

(lL2–rL2	
   or	
   lL2–lL5)	
   [8].	
   The	
   second	
   lumbar	
   ventral	
   roots	
   consist	
   of	
  

primarily	
   flexor	
  motor	
   axons	
   and	
   the	
   L5	
   ventral	
   roots	
   consist	
   of	
   primarily	
  

extensor	
   motor	
   axons,	
   therefore	
   fictive	
   locomotion	
   involves	
   alternation	
  

between	
  lL2	
  and	
  lL5	
  as	
  well	
  as	
  alternation	
  between	
  lL2	
  and	
  rL2.	
  ENG	
  signals	
  

were	
   amplified,	
   bandpass	
   filtered	
   (100	
   Hz-­‐1	
   kHz),	
   digitized,	
   and	
   collected	
  

using	
   Axoscope	
   software	
   (Axon	
   Instruments).	
   Rhythmic	
   fictive	
   locomotor	
  

activity	
  was	
   induced	
   by	
   the	
   addition	
   of	
   5	
  µM 5-­‐hydroxytryptamine	
   (5-­‐HT)	
  

and	
  10	
  µM	
  N-­‐methyl	
  D-­‐aspartic	
  acid	
  (NMDA)	
  to	
  the	
  Ringer’s	
  solution	
  [8]. 

Multifiber	
  Motor	
  and	
  Sensory	
  Conduction	
  	
  

Multifiber	
  motor	
   and	
   sensory	
   conduction	
   studies	
  were	
   carried	
   out	
   in	
  mice	
  

briefly	
   anaesthetized	
   with	
   isoflurane,	
   using	
   protocols	
   previously	
   reported	
  

[9].	
  In	
  brief,	
  sciatic-­‐tibial	
  motor	
  fibers	
  were	
  supramaximally	
  stimulated	
  at	
  the	
  

sciatic	
  notch	
  and	
  knee	
  and	
  a	
  compound	
  muscle	
  action	
  potentials	
  (CMAP)	
  was	
  

recorded	
   (baseline-­‐peak	
   amplitude)	
   from	
   the	
   motor	
   endplate	
   of	
   tibial	
  

innervated	
  dorsal	
  interosseous	
  foot	
  muscles.	
  Motor	
  conduction	
  velocity	
  was	
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calculated	
   for	
   the	
   notch	
   to	
   knee	
   segment.	
   For	
   sensory	
   conduction,	
   digital	
  

hindpaw	
  nerves	
  were	
  supramaximally	
  stimulated	
  and	
  the	
  sciatic-­‐tibial	
  SNAP	
  

(baseline-­‐peak	
   amplitude)	
   recorded	
   from	
   the	
   knee	
   after	
   averaging	
   (5-­‐10X).	
  

Stimulation	
   and	
   recording	
   was	
   carried	
   out	
   using	
   E2 subdermal	
   platinum	
  

electrodes	
   (Grass/Astromed).	
   All	
   recordings	
   were	
   carried	
   out	
   with	
   near	
  

nerve	
  temperature	
  maintained	
  at	
  37.0±0.50C.	
  	
  

Histological	
  and	
  Electron	
  Microscopy	
  Analyses	
  

Mice	
   were	
   euthanized,	
   the	
   brains	
   rapidly	
   removed	
   and	
   flash	
   frozen	
   in	
   2-­‐

methyl	
  butane	
  on	
  solid	
  carbon	
  dioxide	
  [10].	
  Serial	
  coronal	
  sections	
  of	
  20 µm	
  

were	
   obtained	
   and	
   sections	
   thaw	
  mounted	
   on	
   charged	
   slides.	
   To	
   visualize	
  

neuronal	
   cell	
   bodies	
   and	
   astrocytes,	
   immunoassays	
   were	
   performed	
   using	
  

antibodies	
   recognizing	
   the	
   neuron-­‐specific	
   marker	
   mouse	
   anti-­‐neuronal	
  

nuclei	
   (NeuN,	
   Chemicon,	
   1:1,000)	
   and	
   glial	
   fibrillary	
   acidic	
   protein	
   (1:750,	
  

Dako),	
   respectively.	
   The	
   fresh	
   frozen	
   sections	
   were	
   brought	
   to	
   room	
  

temperature,	
   postfixed	
   in	
   buffered	
   formalin	
   and	
   taken	
   through	
   graded	
  

ethanol	
  washes.	
  Sections	
  were	
  incubated	
  in	
  a	
  humidifying	
  chamber	
  with	
  1%	
  

hydrogen	
   peroxide	
   to	
   quench	
   endogenous	
   peroxidase	
   enzyme	
   activity,	
   and	
  

were	
  subsequently	
  blocked	
  with	
  universal	
  blocking	
  serum	
  (Dako)	
  containing	
  

0.2%	
   Triton	
   X-­‐100.	
   The	
   sections	
   were	
   washed	
   with	
   phosphate	
   buffered	
  

saline	
   (PBS)	
  and	
   incubated	
  with	
   the	
  primary	
  antibodies	
   for	
  1	
  hour	
  at	
   room	
  

temperature	
   followed	
  by	
  the	
  secondary	
  antibody	
  (rabbit	
  anti-­‐mouse,	
  1:200,	
  

Dako)	
  for	
  30	
  min,	
  then	
  the	
  sections	
  were	
  washed	
  with	
  PBS	
  and	
  incubated	
  for	
  

30	
  min	
  with	
  an	
  avidin–biotin	
  complex	
  (1:100,	
  Vector	
  Laboratories),	
  washed	
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three	
   times	
   and	
   immunoreactivity	
   was	
   visualized	
   with	
   3,3'	
  

diaminobenzedine	
   tetrahydrochloride.	
   Sections	
   were	
   then	
   rinsed,	
  

dehydrated	
  in	
  a	
  series	
  of	
  ethanol	
  washes	
  and	
  mounted	
  with	
  Permount.	
  	
  

   To	
  assess	
  myelinated	
   axons,	
  Weil’s	
   stain	
   for	
  myelin	
  was	
  used.	
   Fresh	
  

frozen	
  sections	
  were	
  postfixed	
   in	
  buffered	
   formalin,	
   rinsed	
  with	
  water,	
   and	
  

dehydrated.	
   	
   Sections	
   were	
   then	
   incubated	
   for	
   45	
   min	
   at	
   55oC	
   in	
   Weil’s	
  

staining	
   solution	
   containing	
   10%	
   haematoxylin	
   and	
   4%	
   ferric	
   ammonium	
  

sulphate	
  solution	
  preheated	
  to	
  55oC.	
  The	
  sections	
  were	
  then	
  washed	
  with	
  tap	
  

water	
  and differentiated	
  macroscopically	
  with	
  4%	
  ferric	
  ammonium	
  sulphate	
  

and	
   microscopically	
   with	
   Weigert’s	
   differentiator	
   (potassium	
   ferricyanide	
  

with	
  borax).	
  	
  

	
   	
  	
   For	
   electron	
   microscopy	
   analysis,	
   mice	
   were	
   euthanized	
   and	
   their	
  

brains	
   and	
   spinal	
   cord	
   tissues	
   removed.	
   The	
   following	
   regions	
   of	
   the	
   brain	
  

were	
   dissected:	
   rostral	
   spinal	
   cord,	
   medulla,	
   cerebellum,	
   diencephalon,	
  

fornix,	
  striatum,	
  internal	
  capsule,	
  corpus	
  callosum	
  and	
  motor	
  cortex.	
  Primary	
  

fixation	
   was	
   carried	
   out	
   at	
   4oC	
   for	
   4	
   hours	
   in	
   a	
   freshly	
   prepared	
   solution	
  

containing	
   2.5%	
   glutaraldehyde	
   and	
   2%	
   paraformaldehyde	
   in	
   100	
   mM	
  

cacodylate,	
  pH	
  7.2	
  [11].	
  Spinal	
  cord	
  and	
  sciatic	
  nerve	
  samples	
  were	
  obtained	
  

following	
   fixation	
   by	
   perfusion	
   or	
   by	
   euthanasia	
   by	
   cervical	
   displacement,	
  

dissection,	
   followed	
   by	
   fixation	
   by	
   immersion.	
   Identical	
   results	
   were	
  

obtained	
  for	
  samples	
  fixed	
  by	
  tissue	
  perfusion	
  or	
  by	
  fixation	
  by	
  immersion	
  of	
  

the	
   tissue	
   in	
   fixative.	
   In	
   both	
   cases,	
   the	
   fixative	
   used	
   was	
   2.5%	
  

glutaraldehyde,	
  0.1	
  M	
  sodium	
  cacodylate,	
  pH	
  7.0.	
  Samples	
  were	
  processed	
  for	
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electron	
   microscopy	
   and	
   examined	
   with	
   a	
   Hitachi	
   Transmission	
   Electron	
  

Microscope	
  H-­‐7000.	
  	
  

   For	
   morphological	
   analysis	
   of	
   a	
   comprehensive	
   range	
   of	
   tissues,	
  

organs	
   were	
   obtained	
   following	
   euthanasia	
   by	
   cervical	
   displacement	
   and	
  

dissection.	
   Samples	
   were	
   fixed	
   in	
   Zinc-­‐Formal	
   Fixx	
   (Fisher	
   Scientific)	
  

overnight,	
  then	
  processed	
  and	
  embedded	
  in	
  paraffin	
  blocks	
  after	
  which	
  5 µm 

sections	
   were	
   cut	
   and	
   placed	
   onto	
   Histobond	
   slides	
   (Fisher	
   Scientific).	
  

Sections	
  were	
  rehydrated	
  to	
  water	
  and	
  stained	
  with	
  Harris	
  Hematoxylin	
  and	
  

alcoholic	
   eosin	
   Y	
   (Electon	
   Microscopy	
   Sciences)	
   as	
   per	
   standard	
   histology	
  

protocols,	
   followed	
  by	
  mounting	
  with	
  Entellan	
  media	
   (Electron	
  Microscopy	
  

Sciences).	
  

Flow	
  Cytometry	
  

The	
   thymus,	
   lymph	
   nodes	
   and	
   spleen	
   were	
   harvested	
   from	
   the	
   mice	
  

following	
   euthanasia.	
   Single	
   cell	
   suspensions	
   were	
   generated	
   and	
   2	
   X	
   106	
  

cells	
  were	
   aliquoted	
   into	
  wells	
   of	
   a	
   96-­‐well	
   plate	
   for	
   antibody	
   staining.	
   All	
  

antibody	
   incubations	
   were	
   carried	
   out	
   for	
   thirty	
   minutes	
   on	
   ice	
   in	
   a	
  

fluorescence-­‐activated	
   cell	
   sorting	
   (FACS)	
   buffer	
   (PBS	
   containing	
   1%	
   fetal	
  

calf	
  serum	
  and	
  0.02%	
  sodium	
  azide)	
  and	
  cells	
  were	
  washed	
  twice	
  with	
  FACS	
  

buffer	
   following	
  antibody	
   incubations.	
  Cell	
  events	
  were	
  collected	
  with	
  a	
  BD	
  

FACS	
  Canto	
  II	
  flow	
  cytometer	
  and	
  analyzed	
  with	
  FlowJo	
  software	
  (Treestar).	
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Miscellaneous	
  Procedures	
  

Axon	
  cultures	
  (Campenot	
  cultures)	
  were	
  set	
  up	
  and	
  maintained	
  as	
  previously	
  

described	
   [12].	
   Protein	
   concentration	
   was	
   estimated	
   using	
   a	
   BioRad	
   DC	
  

Protein	
  assay	
  [13].	
  To	
  determine	
  the	
  number	
  of	
  neurons,	
  wild-­‐type	
  and	
  cnx-­‐/-­‐	
  

mice	
  were	
  anesthetized	
  and	
  fixed	
  by	
  sequential	
  intracardiac	
  perfusion	
  of	
  PBS	
  

and	
   4%	
   paraformaldehyde	
   in	
   PBS.	
   Brain	
   and	
   whole	
   spinal	
   cord	
   were	
  

dissected	
  out,	
  post	
  fixed	
  in	
  the	
  same	
  fixative	
  overnight,	
  processed	
  for	
  paraffin	
  

embedding	
  and	
  cut	
  in 10 µm	
  thick	
  coronal	
  sections.	
  After	
  paraffin	
  removal,	
  in	
  

xylol	
   and	
   graded	
   alcohols,	
   sections	
   were	
   counterstained	
  with	
   cresyl-­‐violet.	
  

Spinal	
  cord	
  motoneurons	
  exhibiting	
  clear	
  nucleus/nucleolus	
  in	
  layer	
  IX	
  were	
  

counted	
   every	
   10	
   sections.	
   Similarly,	
   the number	
   of	
   brainstem	
   facial	
  

motoneurons	
  was	
  counted	
  every	
  3	
  sections.	
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Results	
  

Calnexin-­‐deficient	
  Mice	
  

Figure	
   2.1	
   summarizes	
   the	
   gene	
   targeting	
   strategy	
   used	
   to	
   generate	
   the	
  

calnexin	
   gene	
   knockout	
  mice.	
  The	
   calnexin	
   gene	
  was	
   disrupted	
   by	
   random	
  

gene	
   trapping	
   using	
   a	
   cassette	
   containing   β-­‐‑galactosidase-­‐neomycin	
   genes	
  

[14].	
  Using	
  specific	
  primers	
  F1,	
  F2	
  and	
  R3	
  (Fig.	
  2.1A),	
  we	
  determined	
  the	
  site	
  

of	
   insertion	
   to	
   be	
   preceding	
   the	
   first	
   nucleotide	
   of	
   intron	
   7-­‐8	
   (Fig.	
   2.1A).	
  

Sequencing	
   confirmed	
   the	
   interruption	
   cassette	
   was	
   inserted	
   directly	
  

following	
   exon	
   7.	
   Primers	
   F1	
   and	
   R3	
   correspond	
   to	
   the	
   calnexin	
   gene,	
  

whereas	
   primer	
   F2	
   corresponds	
   to	
   a	
   sequence	
   within	
   the	
   β-­‐galactosidase	
  

gene	
   in	
   the	
   insertion	
   cassette.	
   We	
   used	
   these	
   primers	
   for	
   PCR-­‐driven	
  

amplification	
   of	
   genomic	
   DNA	
   to	
   identify	
   the	
   genotype	
   of	
   the	
   mice.	
   As	
  

expected,	
   analysis	
   of	
  DNA	
   isolated	
   from	
  wild-­‐type	
  mice	
   showed	
  only	
   a	
  316	
  

base	
   pair	
   (bp)	
   DNA	
   product	
   with	
   F1/R3	
   primers	
   (Fig.	
   2.1B)	
   and	
   no	
   DNA	
  

product	
  when	
  F2/R3	
  primers	
  were	
  used	
  (Fig.	
  2.1B).	
  Analysis	
  of	
  genomic	
  DNA	
  

from	
  cnx-­‐/-­‐	
  mice	
  showed	
  amplification	
  of	
  a	
  941	
  bp	
  DNA	
  product	
  with	
  the	
  use	
  

of	
  F2/R3	
  primers	
  and	
  no	
  DNA	
  product	
  with	
  primers	
  F1/R3,	
   indicating	
   that	
  

both	
  alleles	
  of	
   the	
  calnexin	
  gene	
  were	
   interrupted	
  by	
   the	
   insertion	
  cassette	
  

(Fig.	
  2.1B).	
   In	
   contrast,	
  PCR	
  analysis	
  of	
  genomic	
  DNA	
   from	
  cnx+/-­‐	
  mice	
  with	
  

F1/R3	
  and	
  F2/R3	
  primers	
  produced	
  both	
  316	
  bp	
  and	
  941	
  bp	
  DNA	
  fragments	
  

corresponding	
   to	
   the	
   presence	
   of	
   both	
   wild-­‐type	
   and	
   calnexin	
   gene	
  

interrupted	
   alleles,	
   respectively	
   (Fig.	
   2.1B).	
   To	
   determine	
   there	
   was	
   no	
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alternative	
  splicing	
  around	
  the	
  interruption	
  cassette,	
  primers	
  were	
  designed	
  

before	
   (1F,	
   7R),	
   flanking	
   (7F,	
   8R,	
   12R)	
   after	
   (12F,	
   15R)	
   and	
   within	
   (InsR	
  

paired	
  with	
  7F)	
  the	
  interruption	
  cassette	
  (Fig.	
  2.1C).	
  RNA	
  was	
  isolated	
  from	
  

wild-­‐type,	
   heterozygote,	
   and	
   calnexin-­‐deficient	
   brain	
   tissue	
   and	
   used	
   for	
  

reverse	
  transcription	
  into	
  cDNA	
  and	
  PCR	
  using	
  the	
  above	
  primers	
  along	
  with	
  

a	
   GAPDH	
   loading	
   control	
   (Fig.	
   2.1D).	
   Exons	
   1-­‐7	
   prior	
   to	
   the	
   interruption	
  

cassette	
   are	
   transcribed	
  with	
   no	
   detectable	
   alternative	
   splicing	
   around	
   the	
  

interruption	
  cassette	
  in	
  calnexin-­‐deficient	
  brain	
  tissue.	
  Western	
  blot	
  analysis	
  

revealed	
   that	
   there	
  was	
  no	
  detectable	
   expression	
  of	
   calnexin	
  protein	
  when	
  

both	
  alleles	
  of	
  the	
  gene	
  were	
  interrupted	
  (Fig.	
  2.1E,	
  F).	
  Identical	
  results	
  were	
  

obtained	
   with	
   a	
   calnexin	
   antibody	
   specific	
   for	
   either	
   the	
   N-­‐terminal	
   ER	
  

luminal	
   portion	
   (Fig.	
   2.1E),	
   or	
   an	
   antibody	
   that	
   recognizes	
   the	
   C-­‐terminal	
  

cytoplasmic	
  domain	
  (Fig.	
  2.1F).	
  We	
  concluded	
  that	
  the	
  expression	
  of	
  calnexin	
  

protein	
  was	
  fully	
  disrupted.	
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Figure	
  2.1.	
  Generation	
  of	
  the	
  calnexin-­‐deficient	
  mouse.	
  

(A)	
  Random	
  gene	
  trapping	
  was	
  used	
  to	
  generate	
  the	
  calnexin-­‐deficient	
  mice.	
  
An	
   interruption	
   cassette	
   (pGT1TMpfs	
   cassette,	
   in	
   red)	
   containing	
   β-­‐
galactosidase	
  and	
  neomycin	
  genes	
  was	
   inserted	
   into	
   the	
  calnexin	
  gene.	
  The	
  
numbers	
  indicate	
  the	
  locations	
  of	
  calnexin	
  gene	
  exons	
  (in	
  blue).	
  Forward	
  (F1	
  
and	
  F2)	
  and	
  reverse	
  (R3)	
  primers	
  are	
  indicated	
  with	
  arrows.	
  (B)	
  PCR	
  analysis	
  
of	
   genomic	
   DNA	
   isolated	
   from	
   wild-­‐type	
   (wt),	
   heterozygote	
   (cnx+/-­‐),	
   and	
  
homozygote	
   (cnx-­‐/-­‐)	
   calnexin-­‐deficient	
   mice.	
   Forward	
   (F1	
   and	
   F2)	
   and	
  
reverse	
   (R3)	
   primers	
  were	
   used	
   as	
   indicated	
   for	
  A.	
   A	
   DNA	
   product	
   of	
   941	
  
base	
   pairs	
   (bp)	
   amplified	
   with	
   primers	
   F2	
   and	
   R3	
   identifies	
   successful	
  
cassette	
   insertion	
   and	
   interruption	
   of	
   the	
   calnexin	
   gene	
   (cnx-­‐/-­‐),	
   whereas	
   a	
  
DNA	
   product	
   of	
   316	
   bp	
   amplified	
   with	
   primers	
   F1	
   and	
   R3	
   indicates	
   the	
  
presence	
  of	
   the	
  wild-­‐type	
  allele	
  (wt).	
  The	
  presence	
  of	
  both	
  941	
  and	
  316-­‐bp	
  
DNA	
   products	
   identifies	
   heterozygotes.	
   (C)	
   schematic	
   representation	
   of	
  
calnexin	
  mRNA.	
  The	
  location	
  of	
  the	
  insertion	
  cassette	
  (in	
  red)	
  is	
  shown.	
  The	
  
location	
  of	
  specific	
  primers	
  used	
  for	
  RT-­‐PCR	
  analysis	
  in	
  D	
  is	
  indicated	
  in	
  the	
  
figure.	
   (D)	
   RT-­‐PCR	
   was	
   carried	
   out	
   using	
   wild-­‐type	
   (wt),	
   heterozygote	
  	
  	
  
(cnx+/-­‐),	
   and	
  calnexin-­‐deficient	
   (cnx-­‐/-­‐)	
  RNA	
   isolated	
   from	
  brain	
   tissue.	
  Pairs	
  
of	
   specific	
   DNA	
   primers	
   used	
   for	
   the	
   analysis	
   are	
   indicated.	
   (E)	
   and	
   (F)	
  
Western	
   blot	
   analysis	
   of	
   wild-­‐type,	
   heterozygote,	
   and	
   calnexin-­‐deficient	
  
tissues	
   and	
   wild-­‐type	
   and	
   calnexin-­‐deficient	
   fibroblasts	
   with	
   anti-­‐calnexin	
  
antibodies.	
  The	
  location	
  of	
  molecular	
  weight	
  markers	
  is	
  indicated	
  to	
  the	
   left	
  
of	
   the	
   gel.	
   In	
   (E),	
   anti-­‐N	
   terminus	
   (N+P	
   domain)	
   calnexin	
   antibodies	
   were	
  
used.	
   In	
   (F),	
   the	
   blot	
  was	
  probed	
  with	
   anti-­‐C	
   terminus	
   calnexin	
   antibodies.	
  
N+P,	
   N+P	
   domain	
   of	
   calnexin;	
   C-­‐tail,	
   cytoplasmic	
   C-­‐terminal	
   domain	
   of	
  
calnexin.	
  The	
  asterisk	
  and	
  ns	
  designate	
  the	
  nonspecific	
  reactive	
  protein	
  band.	
  
GAPDH,	
   glyceraldehyde-­‐3-­‐phosphate	
   dehydrogenase.	
   Chimeric	
   mice	
   were	
  
generated	
  by	
  Peter	
  Dickie.	
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Calnexin-­‐deficient	
   Mice	
   Display	
   an	
   Altered	
   Phenotype	
   Characterized	
   by	
   Gait	
  

Disturbance 

Chimeric	
  mice	
  were	
  crossed	
  with	
  wild-­‐type	
  mice	
  to	
  generate	
  heterozygotes.	
  

The	
   cnx+/-­‐	
   mice	
   had	
   a	
   normal	
   phenotype,	
   being	
   viable	
   and	
   fertile.	
  

Intercrossing	
  of	
  cnx+/-­‐	
   females	
  and	
  cnx+/-­‐	
  males	
  was	
  carried	
  out	
   to	
  generate	
  

homozygote	
   calnexin-­‐deficient	
   mice.	
   The	
   majority	
   of	
   newborn	
   calnexin-­‐

deficient	
  mice	
  were	
   indistinguishable	
   from	
  wild-­‐type	
   and	
   cnx+/-­‐	
   littermates	
  

with	
  respect	
  to	
  their	
  size,	
  weight	
  and	
  external	
  appearance.	
  Some	
  were	
  born	
  

slightly	
  smaller	
  and	
  displayed	
  difficulty	
  righting	
  themselves	
  if	
  turned	
  on	
  their	
  

backs.	
  However,	
  as	
  early	
  as	
  day	
  11,	
  calnexin-­‐deficient	
  animals	
  failed	
  to	
  gain	
  

weight	
   and	
   a	
  marked	
   size	
   difference	
   became	
   fully	
   apparent	
   approximately	
  

14-­‐16	
   days	
   following	
   birth	
   between	
   wild-­‐type	
   and	
   calnexin-­‐deficient	
   mice	
  

(Fig.	
   2.2A).	
   Figure	
  2.2A	
   shows	
   that	
  between	
  days	
  11	
   to	
  22	
  of	
   life,	
   calnexin-­‐

deficient	
   mice	
   failed	
   to	
   gain	
   weight.	
   Following	
   this	
   short	
   period	
   of	
   time,	
  

weight	
   gain	
   resumed	
   at	
   a	
   rate	
   similar	
   to	
   the	
   wild-­‐type	
   animals	
   but	
   this	
  

interruption	
   in	
   growth	
   results	
   in	
   calnexin-­‐deficient	
   mice	
   that	
   remained	
  

smaller	
  than	
  their	
  wild-­‐type	
  littermates.	
  	
  

The	
   most	
   obvious	
   defect	
   in	
   calnexin-­‐deficient	
   mice	
   was	
   the	
  

demonstration	
   of	
   abnormalities	
   manifested	
   by	
   a	
   gait	
   disturbance	
   with	
  

instability,	
   splaying	
   of	
   the	
   hind	
   limbs,	
   ataxia,	
   tremors,	
   lower	
   limb	
   motor	
  

defects,	
  and	
  a	
  rolling	
  walk	
  (Fig.	
  2.2B).	
  Approximately	
  6	
  weeks	
  after	
  birth,	
  	
  	
  



	
  

85	
  
 

	
  

	
  

Figure	
   2.2.	
   Calnexin-­‐deficient	
   mice	
   are	
   smaller	
   than	
   their	
   wild-­‐type	
  
littermates	
  and	
  demonstrate	
  a	
  neurological	
  disorder.	
  	
  

(A)	
  Calnexin-­‐deficient	
  mice	
  are	
   the	
  same	
  size	
  and	
  weight	
  as	
   their	
  wild-­‐type	
  
and	
   heterozygote	
   littermates	
   at	
   birth.	
   A	
   difference	
   in	
   weight	
   gain	
   is	
  
observable	
   as	
   early	
   as	
   day	
   11	
   and	
   calnexin-­‐deficient	
   animals	
   fail	
   to	
   gain	
  
weight	
  between	
  day	
  16-­‐22	
  of	
   life,	
   leading	
  to	
  a	
  marked	
  size	
  difference.	
  After	
  
weaning,	
   the	
   animals	
   gain	
   weight	
   at	
   a	
   similar	
   rate	
   to	
   wild-­‐type	
   and	
  
heterozygote	
   littermates.	
   (B)	
   Calnexin-­‐deficient	
   animals	
   display	
   a	
  
neurological	
  phenotype	
  characterized	
  by	
  gait	
  disturbance,	
  a	
  rolling	
  walk,	
  and	
  
splaying	
  of	
  the	
  hind	
  limbs.	
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calnexin-­‐deficient	
   mice	
   demonstrated	
   the	
   complete	
   phenotype	
   (Fig.	
   2.2B)	
  

with	
  no	
   further	
  significant	
  progression.	
  Calnexin-­‐deficient	
  mice	
  were	
   fertile	
  

and	
  their	
  lifespan	
  was	
  comparable	
  to	
  wild-­‐type	
  animals.	
  	
  

Absence	
  of	
  Calnexin	
  Results	
  in	
  Impaired	
  Nerve	
  Conduction	
  Velocity 

The	
   neurological	
   abnormalities	
   observed	
   in	
   mice	
   with	
   no	
   expression	
   of	
  

calnexin	
  may	
  originate	
  from	
  either	
  a	
  defect	
  in	
  neuronal	
  growth	
  and	
  function	
  

and/or	
  problems	
  with	
  myelination	
  processes.	
  To	
  assess	
  neuronal	
  status,	
  we	
  

carried	
  out	
  morphological	
  analysis	
  of	
  the	
  brain	
  tissue,	
  counted	
  motoneurons	
  

of	
  the	
  spinal	
  cord	
  and	
  examined	
  neuronal	
  growth	
  and	
  function	
  in	
  the	
  absence	
  

of	
   calnexin.	
   We	
   did	
   not	
   observe	
   any	
   significant	
   changes	
   in	
   the	
   gross	
  

morphology	
  of	
   the	
  brain	
   in	
  calnexin-­‐deficient	
  mice	
   (Fig.	
  2.3A).	
  Examination	
  

of	
   the	
  motoneuron	
   distribution	
   in	
   the	
   spinal	
   cord	
   indicated	
   that	
   while	
   the	
  

spinal	
   cord	
   was	
   shorter	
   in	
   the	
   absence	
   of	
   calnexin	
   (consistent	
   with	
   their	
  

smaller	
  size),	
  the	
  motoneuron	
  distribution	
  was	
  comparable	
  to	
  wild-­‐type	
  (Fig.	
  

2.3B).	
   Furthermore,	
   a	
   careful	
   count	
   of	
   motoneurons	
   in	
   wild-­‐type	
   and	
  

calnexin-­‐deficient	
  mice	
  revealed	
  no	
  difference	
  in	
  the	
  number	
  of	
  motoneurons	
  

(Fig.	
   2.3B).	
   Similarly,	
   amplitudes	
  of	
   the	
   compound	
  muscle	
   action	
  potentials	
  

(CMAPs),	
   indices	
  of	
  motor	
  axon	
  innervations,	
  was	
  not	
  altered	
   in	
  cnx-­‐/-­‐	
  mice.	
  

Neuronal	
  growth	
  in	
  cnx-­‐/-­‐	
  neurons	
  was	
  investigated	
  by	
  culturing	
  sympathetic	
  

neurons	
   in	
   compartmentalized	
   cultures	
   [12].	
  We	
   observed	
  no	
   difference	
   in	
  

neuronal	
  growth	
  in	
  the	
  absence	
  of	
  calnexin	
  (Fig.	
  2.3C).	
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Figure	
  2.3.	
  Calnexin	
  in	
  neuronal	
  tissue.    

  
(A)	
   cnx-­‐/-­‐	
   and	
   wt	
   brains	
   isolated	
   from	
   21-­‐day-­‐old	
   mice,	
   viewed	
   from	
   the	
  
dorsal	
   and	
   ventral	
   side.	
   There	
   were	
   no	
   morphological	
   differences	
   in	
   the	
  
anatomical	
   structure	
   between	
   cnx-­‐/-­‐	
   and	
   wt	
   brains.	
   (B)	
   Analysis	
   of	
   motor	
  
neuron	
   number	
   in	
   wild-­‐type	
   (wt)	
   and	
   calnexin-­‐deficient	
   (cnx-­‐/-­‐)	
   mice.	
   The	
  
spinal	
   cord	
   length	
   is	
   shorter	
   in	
   cnx-­‐/-­‐	
   mice	
   but	
   the	
   spinal	
   motoneuron	
  
distribution	
   and	
   number	
  were	
   not	
   different	
   from	
  wt	
   mice.	
   In	
   red,	
   neurons	
  
counted	
  on	
  the	
  left	
  site	
  of	
  the	
  spinal	
  cord;	
  in	
  green,	
  neurons	
  counted	
  on	
  the	
  
right	
   site	
   of	
   the	
   spinal	
   cord.	
   (C)	
   Sympathetic	
   neurons	
   from	
   cnx-­‐/-­‐	
   and	
  wild-­‐
type	
   (wt)	
   mice	
   were	
   grown	
   in	
   compartmentalized	
   cultures	
   (Campenot	
  
cultures)	
  [15].	
  The	
  absence	
  of	
  calnexin	
  had	
  no	
  effect	
  on	
  axonal	
  growth.	
  Motor	
  
neuron	
   number	
   was	
   determined	
   by	
   Michel	
   Dubois-­‐Dauphin	
   and	
   neurons	
  
cultured	
  by	
  Karen	
  Bedard.	
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To	
   assess	
   neuron	
   status	
   in	
   calnexin-­‐deficient	
   mice,	
   we	
   examined	
  

excitatory	
  pharmacologically-­‐induced	
  lower	
  limb	
  walking	
  movements	
  in	
  the	
  

isolated	
   spinal	
   cord.	
   To	
   evoke	
   fictive	
   locomotion	
   (characterized	
   by	
   the	
  

oscillatory	
  bursting	
  of	
  motor	
  neurons	
   in	
  a	
   step	
  cycle	
  period	
  of	
  2-­‐4	
  sec),	
  we  

applied	
  5  µμM  5-­‐hydroxytryptamine	
   (5-­‐HT,	
   serotonin)	
  and	
  10  µμM  N-­‐methyl	
  

D-­‐aspartic	
  acid	
  (NMDA)	
  (Fig.	
  4A)	
  to	
  isolated	
  spinal	
  cords	
  [8]	
  taken	
  from	
  wild-­‐

type	
  and	
  cnx-­‐/-­‐.	
  Electroneurograms	
  were	
  recorded	
  from	
  the	
  second	
  and	
  fifth	
  

lumbar	
   ventral	
   root	
   on	
   the	
   left	
   side	
   (i.e.	
   IL2,	
   IL5)   and   the   second   lumbar  

ventral  root  on  the  left  and  right  side  (i.e.  IL2,  rL2).  Appropriate	
  alternation	
  

between	
  bursts	
  was	
  noted	
   in	
  wild-­‐type	
   and	
   calnexin-­‐deficient	
  preparations	
  

(Fig.	
  2.4A),	
  indicating	
  that	
  the	
  fictive	
  locomotor	
  pattern	
  is	
  undisturbed	
  in	
  the	
  

cnx-­‐/-­‐	
  mouse.	
  	
  

Next,	
  we	
  tested	
  for	
  electrophysiological	
  parameters	
  of	
  motor	
  and	
  sensory	
  

neurons	
   in	
   calnexin-­‐deficient	
   and	
   wild-­‐type	
   mice.	
   Figure	
   2.4B	
   shows	
   that	
  

motor	
  nerve	
  conduction	
  velocities	
  were	
  significantly	
   slowed	
   in	
   the	
  absence	
  

of	
   calnexin.	
   There	
   was	
   a	
   significant	
   difference	
   between	
   wild-­‐type	
   and	
  

calnexin-­‐deficient	
  motor	
  conduction	
  velocities	
  at	
  values	
  of	
  43.1±2.5	
  m/s	
  and	
  

31.0±3.2	
   m/s,	
   respectively	
   (p=0.01)	
   (Fig.	
   2.4B).	
   Wild-­‐type	
   and	
   calnexin-­‐

deficient	
  mouse	
   CMAP	
   amplitudes	
  were	
   preserved	
   at	
   9.2	
  mV	
   and	
  10.0	
  mV,	
  

respectively.	
   Sensory	
   nerve	
   conduction	
   velocities	
  were	
   also	
   reduced	
   in	
   the	
  

cnx-­‐/-­‐	
   mice	
   (Fig.	
   2.4C).	
   The	
   sensory	
   nerve	
   conduction	
   velocity	
   in	
   wild-­‐type	
  

mice	
  was	
  46.1	
  m/s	
   (Fig.	
  2.4C),	
  with	
  a	
   significant	
  decrease	
   in	
   sensory	
  nerve	
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conduction	
   velocity	
   (38.2	
   m/s)	
   in	
   the	
   absence	
   of	
   calnexin	
   (Fig.	
   2.4C).	
   The	
  

amplitude	
   of	
   the	
   sensory	
   nerve	
   action	
   potentials	
   (SNAPs)	
   in	
   the	
   wild-­‐type	
  

mice	
  was	
  also	
  comparable	
  between	
  the	
  groups:  14.1  µV  in	
  controls	
  compared	
  

to	
  a	
  10.9  µV   in	
   the	
  calnexin-­‐deficient	
  animals.	
  The	
  SNAP	
  amplitude	
  reflects	
  

the	
   number	
   of	
   excitable	
   myelinated	
   axons	
   that	
   can	
   be	
   recruited	
   by	
  

stimulation.	
  Taken	
  together,	
  these	
  results	
  indicate	
  that	
  neuronal	
  growth	
  and	
  

neuron	
  number	
  were	
  not	
  altered	
  in	
  the	
  absence	
  of	
  calnexin	
  but	
  there	
  was	
  a	
  

significant	
  decrease	
  in	
  the	
  nerve	
  conduction	
  velocity	
  in	
  cnx-­‐/-­‐	
  mice.	
  

Dysmyelination	
  in	
  the	
  Calnexin-­‐deficient	
  Mouse 

Myelin	
  surrounds	
  axons	
  and	
  provides	
  for	
  rapid	
  nerve	
  conduction	
  that	
   is	
  

essential	
  to	
  nervous	
  system	
  function.	
  Loss	
  of	
  myelin	
  leads	
  to	
  reduced	
  nerve	
  

conduction	
  velocity,	
   and	
   therefore,	
  we	
   tested	
   if	
  myelination	
  was	
  affected	
   in	
  

the	
  absence	
  of	
  calnexin.	
  First,	
  we	
  carried	
  out	
  electron	
  microscopic	
  analysis	
  of	
  

spinal	
   cord	
   and	
   sciatic	
   nerve	
   in	
   calnexin-­‐deficient	
   mice	
   to	
   examine,	
   at	
   a	
  

higher	
   resolution,	
   if	
   myelin	
   formation	
   was	
   impaired	
   in	
   the	
   absence	
   of	
  

calnexin.	
   Calnexin-­‐deficient	
   spinal	
   cords	
   have	
   a	
   thinner,	
   wavy	
   and	
  

decompacted	
  myelin	
   in	
  the	
  absence	
  of	
  calnexin	
  (Fig.	
  2.5A-­‐D)	
   indicating	
  that	
  

the	
  absence	
  of	
  calnexin	
  affects	
  myelination	
  of	
  the	
  spinal	
  cord.	
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Figure	
   2.4.	
   Neuronal	
   function	
   is	
   not	
   impaired	
   but	
   nerve	
   conduction	
  
velocity	
  is	
  reduced	
  in	
  the	
  absence	
  of	
  calnexin..	
  

(A)	
   The	
   fictive	
   locomotor	
   pattern	
   is	
   undisturbed	
   in	
   the	
   cnx-­‐/-­‐	
   mouse.	
  
Electroneurograms	
   recorded	
   from	
   the	
   second	
  and	
   fifth	
   lumbar	
  ventral	
   root	
  
on	
  the	
  left	
  side	
  (i.e.	
   IL2,	
  IL5)	
  and	
  the	
  second	
  lumbar	
  ventral	
  root	
  on	
  the	
  left	
  
and	
  right	
  side	
  (i.e.	
  IL2,	
  rL2)	
  of	
  the	
  spinal	
  cord	
  in	
  the	
  wild-­‐type	
  (wt,	
  left	
  traces)	
  
and	
   cnx-­‐/-­‐	
   (right	
   traces)	
   mice.	
   Fictive	
   locomotion	
   was	
   evoked	
   with	
   5	
   µM	
  
serotonin	
  (5-­‐HT,	
  5-­‐hydroxytryptamine)	
  and	
  10  µM	
  N-­‐methyl	
  D-­‐aspartic	
  acid	
  
(NMDA).	
  Note	
  the	
  appropriate	
  alternation	
  between	
  bursts	
  in	
  both	
  cases.	
  (B)	
  
Motor	
   nerve	
   conductive	
   analysis	
   of	
   wild-­‐type	
   (wt)	
   and	
   calnexin-­‐deficient	
  
(cnx-­‐/-­‐)	
  mice.	
  Motor	
  nerve	
  conduction	
  velocity	
  was	
  significantly	
  slower	
  in	
  the	
  
absence	
  of	
  calnexin.	
  (C)	
  Sensory	
  nerve	
  conductive	
  analysis	
  of	
  wild-­‐type	
  (wt)	
  
and	
   calnexin-­‐deficient	
   (cnx-­‐/-­‐)	
   mice.	
   In	
   the	
   absence	
   of	
   calnexin,	
   there	
   was	
  
reduced	
   sensory	
   nerve	
   conduction	
   velocity.	
   *	
   indicates	
   significant	
  
differences.	
   Fictive	
   locomotion	
   was	
   determined	
   by	
   Jason	
   Dyck	
   and	
   Simon	
  
Gosgnach.	
   Nerve	
   conduction	
   velocities	
   were	
   determined	
   by	
   Lawrence	
  
Korngut	
  and	
  Doug	
  Zochodne.	
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Figure	
  2.5.	
  Dysmyelination	
  in	
  the	
  spinal	
  cord.	
  	
  

Electron	
   micrographs	
   demonstrate	
   dysmyelination.	
   Areas	
   of	
   wavy,	
  
decompacted	
   myelin	
   and	
   hypomyelination	
   appear	
   in	
   anterior	
   (A,	
   B)	
   and	
  
posterior	
   (C,	
  D)	
   regions	
   of	
   the	
   spinal	
   cord	
   of	
   cnx-­‐/-­‐	
  mice.	
   The	
   black	
   arrows	
  
indicate	
   areas	
   of	
  myelin	
   shown	
  magnified	
   in	
   the	
   inserts.	
  The   open   arrows  
indicate  the  areas  of  wavy  myelination  (B)  or  hypomyelination  (D).	
  Scale	
  
bar=5  µm;	
  insert	
  scale	
  bar=500	
  nm.	
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   A	
   different	
   kind	
   of	
   myelination	
   defect	
   was	
   apparent	
   in	
   the	
   sciatic	
  

nerve.	
   Electron	
   microscopic	
   analysis	
   of	
   calnexin-­‐deficient	
   sciatic	
   nerve	
  

revealed,	
   in	
  addition	
   to	
  wavy	
  and	
  decompacted	
  myelin,	
   a	
  hypermyelination	
  

that	
  appeared	
  to	
  invade	
  the	
  neuronal	
  areas	
  (Fig.	
  2.6).	
  The	
  findings	
  resembled	
  

“G	
   fibers”	
  or	
   tomaculae	
   that	
  are	
  described	
   in	
  human	
  hereditary	
  neuropathy	
  

with	
  sensitivity	
  to	
  pressure	
  palsy	
  (HNPP)	
  or	
  focally	
  folded	
  myelin	
  described	
  

in	
   CMT4B.	
   To	
   test	
   if	
   calnexin-­‐deficiency	
   resulted	
   in	
   a	
   reduced	
   amount	
   of	
  

myelin	
   in	
   nervous	
   tissue	
   (hypomyelination),	
   the	
   g-­‐ratio	
   was	
   calculated	
   for	
  

calnexin-­‐deficient	
  and	
  wild-­‐type	
  spinal	
  cord	
  and	
  sciatic	
  nerve.	
  The	
  g-­‐ratio	
  is	
  

defined	
   as	
   the	
   ratio	
   of	
   the	
   axonal	
   diameter	
   divided	
   by	
   the	
   diameter	
   of	
   the	
  

axon	
   plus	
   the	
   thickness	
   of	
   its	
   myelin	
   sheath.	
   Calculation	
   of	
   the	
   g-­‐ratio	
  

revealed	
  that	
  calnexin-­‐deficiency	
  resulted	
  in	
  modest	
  hypomyelination	
  in	
  the	
  

spinal	
   cord	
   and	
   did	
   not	
   affect	
  myelin	
   sheath	
   thickness	
   in	
   the	
   sciatic	
   nerve	
  

(cnx-­‐/-­‐	
  spinal	
  cord	
  g-­‐ratio	
  was	
  0.78±0.05	
  (n=40)	
  compared	
  to	
  wild-­‐type	
  spinal	
  

cord	
   at	
   0.71±0.05	
   (n=40);	
   cnx-­‐/-­‐	
   sciatic	
   nerve	
  g-­‐ratio	
  was	
   0.73±0.09	
   (n=10)	
  

compared	
  to	
  wild-­‐type	
  sciatic	
  nerve	
  at	
  0.71±0.07	
  (n=10)).	
  We	
  concluded	
  that	
  

in	
   the	
  absence	
  of	
   calnexin	
   there	
  was	
  no	
   significant	
   reduction	
   in	
  myelin	
  but	
  

defective	
   formation	
   and	
   compaction	
   of	
   myelin	
   sheaths.	
   These	
   findings	
  

indicate	
  significant	
  changes	
  in	
  the	
  PNS	
  of	
  calnexin-­‐deficient	
  animals	
  and	
  may	
  

help	
   explain	
   the	
   neuronal	
   phenotype	
   and	
   decreased	
   nerve	
   conduction	
  

velocity	
  in	
  cnx-­‐/-­‐	
  mice.	
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Figure	
  2.6.	
  Dysmyelination	
  in	
  the	
  sciatic	
  nerve.	
  	
  

Myelin	
   abnormalities	
   in	
   the	
  peripheral	
  nervous	
   system	
   included	
   redundant	
  
myelin	
  folds	
  as	
  well	
  as	
  decompact	
  myelin	
  sheaths.	
  The	
  black	
  arrows	
  indicate	
  
areas	
   of	
  myelin	
   shown	
  magnified	
   in	
   the	
   inserts.	
   The	
   open	
   arrows	
   indicate	
  
areas	
  of	
   aberrant	
   and	
   redundant	
  myelin	
   folds.	
   Scale	
  bar=5  µm;	
   insert	
   scale	
  
bar=500	
  nm.	
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   We	
  also	
  carried	
  out	
  histological	
  analysis	
  of	
  the	
  brain	
  tissue	
  from	
  wild-­‐

type	
   and	
   cnx-­‐/-­‐	
   animals	
   to	
   test	
   the	
   effect	
   of	
   calnexin	
   deficiency	
   on	
   various	
  

regions	
   of	
   the	
   CNS.	
   In	
   all	
   brain	
   regions	
   examined,	
   neuronal	
   cell	
   bodies,	
  

visualized	
   using	
   anti-­‐neuronal	
   specific	
   nuclear	
   protein	
   (NeuN)	
   antibodies,	
  

appeared	
   normal	
   and	
   healthy	
   in	
   both	
   the	
   wild-­‐type	
   (Figure	
   2.7A)	
   and	
  

calnexin-­‐deficient	
  (Fig.	
  2.7B)	
  mice.	
  However,	
   large	
  white	
  matter	
  tracts	
  were	
  

variably	
   affected.	
   In	
   calnexin-­‐deficient	
   animals	
   the	
   rostral	
   corpus	
   callosum	
  

was	
   thinner	
   and,	
   particularly	
   at	
   the	
  medial	
   rise,	
   displayed	
   areas	
   of	
   patchy	
  

myelination	
  or	
  dysmyelination	
  (Fig.	
  2.7C,	
  D).	
  However,	
  the	
  axons	
  appeared	
  to	
  

be	
   spared.	
   In	
   the	
   absence	
   of	
   calnexin	
   the	
   internal	
   capsule	
   (Fig.	
   2.7F)	
  

displayed	
   less	
  branching	
  and	
  was	
  narrower	
   than	
  that	
  observed	
   in	
   the	
  wild-­‐

type	
   (Fig.	
   2.7E),	
   suggesting	
   fewer	
  myelinated	
   fibers	
   travelling	
   between	
   the	
  

periphery	
  and	
  cerebral	
   cortex.	
  Patchy	
  areas	
  of	
  myelination	
  were	
  evident	
   in	
  

the	
   cerebral	
   peduncle	
   of	
   the	
   calnexin-­‐deficient	
   mouse	
   (Fig.	
   2.7G,	
   H).	
   The	
  

cerebellar	
  peduncles	
  of	
  the	
  cnx-­‐/-­‐	
  mouse	
  were	
  also	
  characterized	
  by	
  a	
  patchy,	
  

loose	
  myelination	
  pattern	
  (Fig.	
  2.7I,	
  J).	
  At	
  low	
  resolution,	
  white	
  matter	
  tracts	
  

of	
  the	
  spinal	
  cord	
  did	
  not	
  show	
  obvious	
  dysmyelination,	
  and	
  cell	
  bodies	
  of	
  the	
  

horns	
  appeared	
  normal	
  and	
  healthy.	
  An	
   increased	
  number	
  of	
  glial	
   fibrillary	
  

acid	
  protein	
  (GFAP)-­‐positive	
  astrocytic	
   fibers	
  were	
  observed	
  in	
  the	
  absence	
  

of	
   calnexin	
   (Fig.	
   2.7L)	
   compared	
   to	
   the	
   wild-­‐type	
   (Fig.	
   2.7K).	
   The	
  

perpendicular	
  organization	
  of	
   the	
  glial	
   fibers	
   in	
   the	
  calnexin	
  knockout	
  mice	
  

were	
  similar	
   to	
   that	
  observed	
  early	
   in	
  CNS	
  development,	
   suggesting	
   that	
   in	
  

the	
  absence	
  of	
  calnexin,	
  spinal	
  cord	
  development	
  was	
  altered.	
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Figure	
  2.7.	
  Dysmyelination	
  in	
  the	
  brain	
  of	
  calnexin-­‐deficient	
  mice.	
  	
  

(A,	
  B)	
  Antibodies	
   to	
  neuronal	
  specific	
  nuclear	
  protein	
  (NeuN)	
  were	
  used	
   to	
  
visualize	
   neuronal	
   cell   bodies	
   in	
   all	
   brain	
   regions.	
   Representative	
  
photomicrographs	
   of	
   the	
   premotor	
   cortex	
   are	
   shown	
   in	
   (A)	
   (wt)	
   and	
   (B)	
  	
  
(cnx-­‐/-­‐).	
   Normal	
   cortical	
   cytoarchitecture	
   was	
   observed	
   and	
   neurons	
  
appeared	
  normal	
  and	
  healthy	
  (arrows	
  point	
  to	
  NeuN	
  positive	
  neurons).	
  	
  Scale	
  
bar=50  µm,	
  insert	
  scale	
  bar=10	
  µm.  

(C,	
   D)	
   Examination	
   of	
   large	
   white	
   matter	
   tracts	
   showed	
   that	
   the	
   rostral	
  
corpus	
   callosum	
  was	
   thinner	
   and	
   contained	
   patchy	
   areas	
   of	
  myelination	
   in	
  
the	
  absence	
  of	
  calnexin	
  (D).	
  Asterisks	
   in	
  (C)	
  and	
  (D)	
   identify	
  rostral	
  corpus	
  
callosum	
   and	
   areas	
   magnified	
   for	
   inserts.	
   Scale	
   bar=50   µm,	
   insert	
   scale	
  
bar=20  µm.  

(E,	
  F)	
  Compared	
  to	
  wild-­‐type	
  (E)	
  the	
  overall	
  amount	
  of	
  myelin	
  in	
  the	
  internal	
  
capsule	
  (identified	
  with	
  arrows)	
  was	
  reduced	
  in	
  cnx-­‐/-­‐	
  mice	
  (F)	
  Scale	
  bar=50  
µm.  

(G,	
  H)	
  The	
   cerebral	
  peduncle	
   (identified	
  with	
  asterisks)	
   in	
   the	
  cnx-­‐/-­‐	
  mouse	
  
(H)	
  contained	
  areas	
  of	
  patchy	
  myelin	
  compared	
  to	
  wild-­‐type	
  (G).	
  Scale	
  bar	
  in	
  
(H)	
  =  50  µm.  

(I,	
  J)	
  The	
  cerebellar	
  peduncles	
  (identified	
  with	
  arrows)	
  in	
  the	
  cnx-­‐/-­‐	
  mouse	
  (J)	
  
showed	
   a	
   patchy,	
   loose	
   myelination	
   pattern	
   as	
   compared	
   to	
   wild-­‐type	
  
animals	
  (I).	
  Scale	
  bar=20  µm.  

(K,	
  L)	
   In	
   the	
  white	
  matter	
   of	
   the	
   spinal	
   cord,	
   an	
   increased	
   number	
   of	
   glial	
  
fibrillary	
   acid	
   protein	
   (GFAP)-­‐positive	
   astrocytic	
   fibers	
   (identified	
   with	
  
asterisks)	
  was	
  observed	
  in	
  the	
  absence	
  of	
  calnexin	
  (L)	
  compared	
  to	
  the	
  wild-­‐
type	
  (K).	
  Scale	
  bar=10  µm.  

Dissection	
  and	
  analysis	
  were	
  carried	
  out	
  with	
  the	
  help	
  of	
  Kathryn	
  Todd.	
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   Considering	
   that	
   calnexin	
   is	
   a	
   ubiquitously	
   expressed	
   ER-­‐associated	
  

protein,	
   the	
   specificity	
   of	
   the	
   neurological	
   phenotype	
   and	
   effect	
   on	
  

myelination	
   in	
   cnx-­‐/-­‐	
   mice	
   was	
   surprising.	
   We	
   expected	
   that	
   calnexin	
  

deficiency	
  may	
  also	
  affect	
  other	
   tissues	
  and	
   this	
  may	
  have	
  been	
  masked	
  by	
  

the	
   predominant	
   neurological	
   phenotype	
   described	
   above.	
   However,	
   we	
  

found	
   no	
   gross	
   histological	
   abnormalities	
   in	
   heart,	
   lung,	
   pancreas,	
   spleen,	
  

femur,	
   skeletal	
   muscle,	
   colon,	
   liver,	
   kidney	
   or	
   stomach	
   in	
   the	
   absence	
   of	
  

calnexin	
  (Fig.	
  2.8).	
  	
  

 Given	
   the	
   role	
   that	
   calnexin	
  plays	
   in	
   the	
  early	
  events	
  of	
  MHC	
  Class	
   I	
  

protein	
   folding	
   [16]	
   and	
   the	
   fact	
   that	
   calnexin	
   is	
   able	
   to	
   associate	
  with	
   cell	
  

surface	
   CD3	
   complexes	
   [17]	
   and	
   regulate	
   T-­‐cell	
   receptor	
   (TCR)	
   assembly	
  

[18],	
  we	
  anticipated	
  that	
  the	
  elimination	
  of	
  calnexin	
  would	
  lead	
  to	
  aberration	
  

of	
   these	
  processes.	
  Unexpectedly,	
   calnexin	
  deficiency	
  had	
  no	
   impact	
   on	
   the	
  

immune	
   system	
   (Fig.	
   2.9).	
   The	
   CD4/CD8	
   profiles	
   of	
   wild-­‐type	
   and	
   cnx-­‐/-­‐	
  

thymocytes	
  were	
  indistinguishable	
  (Fig.	
  2.9A)	
  and	
  the	
  number	
  of	
  thymocytes	
  

recovered	
  from	
  each	
  strain	
  was	
  similar.	
  We	
  did	
  not	
  detect	
  any	
  differences	
  in	
  

CD25/CD44	
   expression	
  within	
   the	
   CD4-­‐CD8-­‐	
   double	
   negative	
   compartment	
  

or	
  changes	
  in	
  the	
  expression	
  of	
  MHC	
  Class	
  I	
  in	
  any	
  thymocyte	
  sub-­‐population	
  

in	
   cnx-­‐/-­‐	
   mice	
   (Fig.	
   2.9C).	
   The	
   expression	
   of	
   TCRβ	
   on	
   bulk	
   thymocytes	
   and	
  

CD69	
  on	
  CD4+CD8+	
  double	
  positive	
  thymocytes	
  was	
  also	
  identical	
  (Fig.	
  2.9A)	
  

suggesting	
   that	
   positive	
   selection	
   occurred	
   normally	
   in	
   the	
   absence	
   of	
  

calnexin.	
  Maturation	
  of	
  CD8	
  single	
  positive	
  thymocytes	
  as	
  evaluated	
  by	
  CD24	
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Figure	
  2.8.	
  Histological	
  analysis	
  of	
  calnexin-­‐deficient	
  tissues.	
  

Histological	
   analysis	
  of	
  wild-­‐type	
   (wt)	
  and	
  calnexin-­‐deficient	
   (cnx-­‐/-­‐)	
   tissues	
  
was	
   carried	
   out	
   as	
   described	
   under	
   “Material	
   and	
  Methods”.	
   Tissues	
   were	
  
stained	
  with	
  haematoxylin	
   and	
  eosin.	
  No	
   significant	
  morphological	
   changes	
  
were	
   observed	
   between	
   wild-­‐type	
   and	
   calnexin-­‐deficient	
   tissues.	
   Scale	
  
bar=100  µm.  
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down-­‐regulation	
   occurred	
   normally	
   in	
   cnx-­‐/-­‐	
   mice.	
   The	
   splenic	
   lymphocyte	
  

population	
   also	
   appeared	
   grossly	
   normal	
   in	
   cnx-­‐/-­‐	
   mice	
   (Fig.	
   2.9B).	
  We	
   did	
  

notice	
  a	
  decrease	
  in	
  splenic	
  cellularity	
  in	
  cnx-­‐/-­‐	
  mice;	
  however,	
  we	
  attributed	
  

this	
  to	
  the	
  reduced	
  size	
  and	
  weight	
  of	
  cnx-­‐/-­‐	
  animals.	
  The	
  percentage	
  of	
  T	
  cells	
  

in	
   the	
   spleen	
   as	
   well	
   as	
   the	
   CD4/CD8	
   profile	
   of	
   the	
   T	
   cell	
   population	
   was	
  

unaffected	
   by	
   calnexin-­‐deficiency	
   (Fig.	
   2.9B).	
   Again,	
   no	
   dramatic	
   change	
   in	
  

cell	
  surface	
  marker	
  expression	
  (CD44,	
  CD62L,	
  CD25,	
  TCRβ	
  and	
  MHC	
  Class	
  I)	
  

was	
  observed	
  in	
  cnx-­‐/-­‐	
  T	
  cells	
  (not	
  shown	
  and	
  Fig.	
  2.9B).	
  Finally,	
  we	
  examined	
  

MHC	
   Class	
   I	
   expression	
   on	
   dendritic	
   cells	
   from	
   cnx-­‐/-­‐	
   mice	
   and	
   found	
   no	
  

change	
  when	
  compared	
  to	
  the	
  wild-­‐type	
  mice	
  (Fig.	
  2.9D).	
  Overall,	
  the	
  thymus	
  

and	
   peripheral	
   T	
   cell	
   populations	
   appeared	
   normal	
   in	
   cnx-­‐/-­‐	
   mice.	
   These	
  

results	
  demonstrate	
  that	
  the	
  absence	
  of	
  calnexin	
  had	
  no	
  significant	
  impact	
  on	
  

the	
   immune	
   system,	
   indicating	
   that	
   this	
   protein	
   is	
   not	
   essential	
   for	
   the	
  

formation	
  of	
  the	
  immune	
  system	
  in	
  mice.	
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Figure	
  2.9.	
  Calnexin	
  Deficiency	
  Does	
  Not	
  Affect	
  the	
  Immune	
  System.	
  

(A)	
  Thymocytes	
   from	
  wild-­‐type	
  and	
  cnx-­‐/-­‐	
  mice	
  were	
  probed	
  with	
  anti-­‐CD4,	
  
anti-­‐CD8,	
   anti-­‐CD69	
   and	
   anti-­‐TCRβ antibodies.	
   Cells	
   were	
   analyzed	
   by	
   flow	
  
cytometry.	
  CD4/CD8	
  profile	
  of	
  bulk	
   thymocytes	
  (top	
  row),	
  TCRβ	
  expression	
  
on	
   bulk	
   thymocytes	
   and	
   CD69	
   expression	
   on	
   CD4+CD8+	
   thymocytes	
   from	
  
wild-­‐type	
  (wt,	
  solid	
  line)	
  or	
  cnx-­‐/-­‐	
  (broken	
  line)	
  mice	
  are	
  shown	
  (bottom	
  row).	
  
(B)	
  Splenocytes	
  from	
  wild-­‐type	
  and	
  cnx-­‐/-­‐	
  mice	
  were	
  stained	
  with	
  anti-­‐CD19,	
  
anti-­‐TCRβ, anti-­‐CD4	
   and	
   anti-­‐CD8	
   antibodies	
   followed	
   by	
   flow	
   cytometry	
  
analysis.	
   The	
   CD19/TCRβ profile	
   of	
   bulk	
   splenocytes	
   (top	
   row)	
   and	
   the	
  
CD4/CD8	
   profile	
   of	
   TCRβ+ cells	
   are	
   depicted	
   (bottom	
   row).	
   (C).	
   Cells	
   were	
  
probed	
  with	
  anti-­‐CD25	
  and	
  anti-­‐CD44	
  followed	
  by	
  FACS	
  analysis.	
  There	
  are	
  
neither	
  detectable	
  differences	
  in	
  CD25/CD44	
  expression	
  within	
  the	
  CD4-­‐CD8-­‐	
  
double	
  negative	
  compartment	
  nor	
  changes	
  in	
  the	
  expression	
  of	
  MHC	
  Class	
  I	
  
in	
  any	
   thymocyte	
   sub-­‐population	
   in	
  calnexin-­‐deficient	
  mice.	
   (D)	
  Analysis	
  of	
  
H-­‐2Db	
  expression	
  in	
  wild-­‐type	
  (wt)	
  and	
  calnexin-­‐deficient	
  (cnx-­‐/-­‐)	
  cells.	
  There	
  
is	
   no	
   change	
   in	
  MHC	
   Class	
   I	
   expression	
   on	
   dendritic	
   cells	
   from	
   cnx-­‐/-­‐	
   mice	
  
when	
  compared	
  to	
  the	
  wild-­‐type	
  mice.	
  FACS	
  analysis	
  was	
  conducted	
  by	
  Troy	
  
Baldwin.	
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Expression	
  Profile	
  of	
  Calnexin-­‐deficient	
  Spinal	
  Cord	
  

	
   Spinal	
   cords	
  were	
  obtained	
   from	
  21-­‐day	
   calnexin-­‐deficient	
  mice	
  and	
  

the	
   tissue	
   flash	
   frozen,	
   crushed,	
   and	
   used	
   for	
   RNA	
   extraction	
   using	
   Trizol	
  

reagent.	
   The	
   RNA	
   was	
   assessed	
   for	
   quality	
   and	
   used	
   for	
   Affymetrix	
  

microarray	
   analysis.	
   Analysis	
   of	
   the	
   results	
   indicate	
   that	
   mRNA	
   encoding	
  

select	
   myelin	
   proteins	
   are	
   more	
   than	
   two-­‐fold	
   down-­‐regulated	
   in	
   the	
  

calnexin-­‐deficient	
   spinal	
   cord	
   including	
   early	
   growth	
   response	
   2	
   (Egr2),	
  

peripheral	
  myelin	
  protein	
  (PMP),	
  periaxin	
  and	
  myelin	
  P2	
  protein.	
  Egr2,	
  also	
  

known	
  as	
  Krox20,	
  is	
  a	
  transcriptional	
  factor	
  that	
  regulates	
  the	
  expression	
  of	
  

myelin	
  genes.	
  PMP,	
  periaxin	
  and	
  P2	
  protein	
  are	
  all	
  myelin	
  proteins	
  that	
  are	
  

expressed	
   following	
  myelin	
   initiation.	
   Periaxin	
   is	
   a	
   structural	
   element	
   that	
  

connects	
  myelin	
  to	
  the	
  surrounding	
  basal	
  lamina	
  and	
  is	
  downstream	
  of	
  Egr2	
  

regulation.	
  PMP22	
   is	
  myelin	
   structural	
   element	
   as	
  previously	
  discussed.	
  P2	
  

protein	
   is	
   located	
  at	
   the	
  major	
  dense	
   line	
  of	
  myelin	
  sheaths	
  and	
   thought	
   to	
  

likely	
  play	
  a	
  similar	
  structural	
  role	
  in	
  the	
  PNS	
  as	
  myelin	
  basic	
  protein	
  in	
  the	
  

CNS	
  and	
  PNS.	
  Additionally,	
  it	
  is	
  thought	
  that	
  cholesterol,	
  a	
  major	
  rate-­‐limiting	
  

component	
   of	
  myelin,	
   is	
   a	
   potential	
   ligand	
   for	
   P2	
   [19].	
   Down-­‐regulation	
   of	
  

these	
  myelin	
  protein	
  elements	
  was	
  confirmed	
  using	
  specific	
  primers	
  and	
  RT-­‐

PCR.	
   While	
   the	
   mechanism	
   by	
   which	
   the	
   absence	
   of	
   calnexin	
   impacts	
   on	
  

transcription	
   is	
   unknown,	
   decreased	
   expression	
   of	
   such	
   myelin	
   proteins	
  

could	
  impact	
  on	
  myelin	
  formation	
  and	
  maintenance	
  and	
  could	
  contribute	
  to	
  

the	
  myelin	
  abnormalities	
  found	
  in	
  the	
  calnexin-­‐deficient	
  mouse.	
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Figure	
  2.10.	
  Decreased	
  RNA	
  expression	
  levels	
  of	
  myelin	
  proteins.	
  	
  

Affymetrix	
   microarray	
   analysis	
   showed	
   down-­‐regulation	
   of	
   select	
   myelin	
  
proteins.	
   This	
  was	
   confirmed	
   using	
  RT-­‐PCR	
  with	
   specific	
   primers	
   for	
   Egr2,	
  
PMP22,	
   and	
   periaxin	
   with	
   GAPDH	
   as	
   a	
   control.	
   Duplicates	
   of	
   detectable	
  
transcripts	
  from	
  wild-­‐type	
  (wt)	
  and	
  calnexin-­‐deficient	
  (cnx-­‐/-­‐)	
  spinal	
  cord	
  are	
  
shown	
  as	
   indicated	
  by	
  wt	
  and	
  cnx-­‐/-­‐.	
  Egr2,	
   early	
  growth	
  response	
  2,	
  PMP22,	
  
peripheral	
   myelin	
   protein	
   22,	
   GAPDH,	
   glyceraldehyde-­‐3-­‐phosphate	
  
dehydrogenase.	
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Discussion	
  

	
   	
   The	
   important	
   finding	
   of	
   this	
   study	
   is	
   that	
   calnexin,	
   a	
   ubiquitously	
  

expressed	
  ER-­‐associated	
  molecular	
  chaperone,	
  has	
  a	
  specific	
  and	
  detrimental	
  

effect	
  on	
  myelin	
   formation.	
  We	
  have	
  shown	
   that	
   calnexin-­‐deficiency	
   results	
  

in	
  a	
  combined	
  central	
  and	
  peripheral	
  dysmyelinating	
  syndrome.	
  The	
  findings	
  

have	
   identified	
   an	
   important,	
   previously	
   undiscovered	
   role	
   for	
   calnexin	
   in	
  

myelination	
   and	
   myelin	
   diseases.	
   This	
   is	
   supported	
   by	
   the	
   following	
  

observations:	
   calnexin-­‐deficient	
   mice	
   have	
   disturbed	
   motor	
   function	
  

characterized	
   by	
   gait	
   disturbance,	
   lower	
   limb	
   dysfunction,	
   and	
   ataxia	
   with	
  

myelin	
   of	
   the	
   PNS	
   and	
   CNS	
   being	
   disorganized	
   and	
   decompacted	
   in	
   the	
  

absence	
   of	
   calnexin.	
   This	
   is	
   consistent	
  with	
   the	
   slower	
  motor	
   and	
   sensory	
  

neuron	
  conduction	
  velocities	
  observed	
  in	
  the	
  cnx-­‐/-­‐	
  mice.	
  	
  

	
   	
   Despite	
   its	
   ubiquitous	
   expression,	
   calnexin-­‐deficient	
  mice	
   are	
   viable.	
  

In	
   fact,	
   calnexin-­‐deficiency	
   is	
  only	
   lethal	
   in	
  S.	
  pombe	
  but	
  not	
   in	
  S.	
   cerevisiae	
  

[1],	
  Dictyostelium	
  [2,	
  3]	
  or	
  in	
  C.	
  elegans	
  [4,	
  5].	
  Previously	
  Denzel	
  et	
  al.	
  showed	
  

that	
   partial	
   deletion	
   of	
   the	
   calnexin	
   gene	
   in	
   the	
   mouse	
   results	
   in	
   a	
   motor	
  

disorder	
  associated	
  with	
  a	
   loss	
  of	
   the	
   large	
  myelinated	
  nerve	
   fibers	
  [20].	
   In	
  

contrast	
  to	
  our	
  observations,	
  these	
  animals	
  die	
  early,	
  with	
  very	
  few	
  surviving	
  

to	
  3	
  months	
  [20].	
  Calnexin-­‐deficient	
  mice	
  generated	
  in	
  the	
  present	
  study	
  do	
  

not	
   have	
   a	
   reduced	
   number	
   of	
   neurons,	
   they	
   are	
   fertile	
   and	
   they	
   have	
   a	
  

normal	
   lifespan.	
  The	
  discrepancy	
  between	
   this	
   study	
  and	
  Denzel	
  et	
  al.	
   [20]	
  

likely	
   represents	
   the	
   difference	
   between	
   only	
   partial	
   deletion	
   [21]	
   and	
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disruption	
  of	
  the	
  calnexin	
  gene	
  (this	
  study).	
  The	
  truncated	
  protein	
  produced	
  

from	
   a	
   partial	
   deletion	
   could	
   act	
   in	
   a	
   dominant-­‐negative	
   fashion	
   and	
  

contribute	
   to	
   the	
  different	
  phenotype	
  observed	
  by	
  Denzel	
  et	
  al.	
   In	
  addition,	
  

the	
  mice	
  generated	
  by	
  Denzel	
  et	
  al.	
  were	
  created	
  using	
  129/Sv	
  stem	
  cells	
  and	
  

differences	
   in	
   the	
   genetic	
   background	
   between	
   the	
   mice	
   generated	
   here	
  

(129/Ola	
  stem	
  cells)	
  and	
  those	
  generated	
  by	
  Denzel	
  et	
  al.	
  could	
  contribute	
  to	
  

the	
   phenotype	
   discrepancies.	
   We	
   have	
   not	
   observed	
   any	
   abnormalities	
   in	
  

neuronal	
   growth	
   or	
   fictive	
   locomotor	
   pattern	
   in	
   the	
   absence	
   of	
   calnexin.	
  

Instead,	
   we	
   observed	
   that	
   calnexin	
   deficiency	
   in	
   mice	
   resulted	
   in	
  

dysmyelination	
   in	
   both	
   the	
   central	
   and	
   peripheral	
   nervous	
   system.	
   The	
  

existence	
  of	
  calnexin-­‐deficient	
  organisms	
  indicates	
  that	
  calnexin’s	
  chaperone	
  

function	
  is	
  not	
  required	
  for	
  viability.	
  In	
  the	
  mouse,	
  calnexin	
  has	
  a	
  specific	
  role	
  

in	
  neurological	
  systems	
  and	
  myelination.	
  	
  	
  	
  

	
   	
   Considering	
   that	
   calnexin	
   is	
   a	
   ubiquitously	
   expressed	
   ER-­‐associated	
  

protein,	
   the	
   specificity	
   of	
   the	
   neurological	
   phenotype	
   and	
   effect	
   on	
  

myelination	
   in	
   cnx-­‐/-­‐	
   mice	
   was	
   surprising.	
   We	
   expected	
   that	
   calnexin	
  

deficiency	
  may	
  also	
  affect	
  other	
   tissues	
  and	
   this	
  may	
  have	
  been	
  masked	
  by	
  

the	
   predominant	
   neurological	
   phenotype	
   described	
   above.	
   However,	
   we	
  

found	
   no	
   gross	
   histological	
   abnormalities	
   in	
   heart,	
   lung,	
   pancreas,	
   spleen,	
  

femur,	
   skeletal	
   muscle,	
   colon,	
   liver,	
   kidney	
   and	
   stomach	
   in	
   the	
   absence	
   of	
  

calnexin.	
  Given	
  the	
  role	
  that	
  calnexin	
  plays	
  in	
  the	
  early	
  events	
  of	
  MHC	
  Class	
  I	
  

protein	
   folding	
   [16]	
   and	
   the	
   fact	
   that	
   calnexin	
   is	
   able	
   to	
   associate	
  with	
   cell	
  

surface	
   CD3	
   complexes	
   [17]	
   and	
   regulate	
   T-­‐cell	
   receptor	
   (TCR)	
   assembly	
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[18],	
  we	
  also	
  anticipated	
  that	
  the	
  development	
  of	
  the	
  immune	
  system	
  might	
  

be	
   compromised	
   in	
   the	
   absence	
   of	
   the	
   protein.	
   Unexpectedly,	
   calnexin	
  

deficiency	
  had	
  no	
   significant	
   impact	
  on	
   the	
   immune	
   system,	
   indicating	
   that	
  

the	
   protein	
   is	
   not	
   essential	
   during	
   the	
   formation	
   of	
   the	
   immune	
   system	
   in	
  

mice.	
   These	
   findings	
   further	
   support	
   our	
   conclusions	
   that	
   calnexin	
   plays	
   a	
  

critical	
   and	
   specific	
   role	
   during	
   myelination.	
   The	
   molecular	
   chaperone	
  

function	
  of	
   calnexin	
   is	
  essential	
   for	
  proper	
   formation	
  of	
   the	
  myelin	
   sheaths	
  

for	
   which	
   there	
   are	
   no	
   compensatory	
   mechanisms	
   provided	
   by	
   other	
   ER	
  

chaperones,	
  including	
  the	
  homologous	
  calreticulin.	
  Yet,	
  evidently,	
  there	
  must	
  

be	
   compensatory	
   redundancy	
   through	
   other	
   mouse	
   tissues	
   in	
   calnexin-­‐

deficient	
  mice,	
  including	
  the	
  immune	
  system.	
  	
  

	
   	
   The	
  interruption	
  cassette	
  used	
  to	
  generate	
  the	
  calnexin-­‐deficient	
  mice	
  

contained	
  a	
  β-­‐galactosidase	
  and	
  neomycin	
  coding	
  region.	
  Thus,	
  calnexin	
  gene	
  

expression	
  could	
  be	
  assessed	
  throughout	
  development.	
  As	
  early	
  as	
  day	
  12.5,	
  

high	
   calnexin	
  expression	
   is	
   seen	
   in	
  neuronal	
   tissue	
  and	
  cartilage	
   [22].	
  High	
  

calnexin	
  expression	
  in	
  neuronal	
  tissue	
  including	
  the	
  brain	
  and	
  spine	
  regions	
  

continued	
   through	
   day	
   18.5	
   of	
   embryonic	
   development.	
   At	
   this	
   embryonic	
  

stage,	
  high	
  calnexin	
  expression	
  was	
  also	
  detectable	
  in	
  the	
  lung,	
  cartilage,	
  and	
  

liver	
  with	
  very	
   low	
  β-­‐galactosidase	
  activity	
   in	
   the	
  heart	
  and	
  smooth	
  muscle	
  

[22].	
  RT-­‐PCR	
  analysis	
  also	
   indicated	
  high	
  calnexin	
  mRNA	
  levels	
   in	
  neuronal	
  

tissue	
   such	
   as	
   the	
   brain	
   through	
   embryonic	
   and	
   post-­‐natal	
   development.	
  

Thus,	
   the	
   expression	
   profile	
   of	
   calnexin	
   through	
   development	
   supports	
   its	
  

specific	
  role	
  in	
  neurological	
  systems.	
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Calnexin	
  Deficiency	
  Results	
  in	
  a	
  Dysmyelinating	
  Peripheral	
  Neuropathy	
  

	
   	
   The	
   specificity	
   of	
   calnexin	
   deficiency	
   towards	
   myelination	
   is	
  

remarkable	
   considering	
   that	
   calnexin	
   is	
   a	
   ubiquitously	
   expressed	
   ER-­‐

associated	
  molecular	
  chaperone	
  [23].	
  Neuropathies	
  can	
  arise	
  from	
  problems	
  

with	
   the	
  neuron	
  or	
  problems	
  with	
   the	
  myelin	
  sheath.	
  We	
  measured	
  neuron	
  

number,	
   growth	
   and	
   the	
   function	
   of	
   motor	
   neurons	
   of	
   the	
   spinal	
   cord	
   in	
  

calnexin-­‐deficient	
   mice.	
   CMAP	
   amplitudes	
   of	
   the	
   compound	
   muscle	
   action	
  

potentials,	
  indices	
  of	
  motor	
  axon	
  innervations,	
  were	
  not	
  altered	
  in	
  cnx-­‐/-­‐	
  mice	
  

and	
  motoneurons	
  of	
  the	
  spinal	
  cord	
  were	
  similar	
  in	
  number	
  and	
  distribution.	
  

Sympathetic	
   neuron	
   cultures	
   indicated	
   comparable	
   growth	
   to	
   wild-­‐type	
  

animals.	
   Fictive	
   locomotion	
   measurements,	
   an	
   indication	
   of	
   lower	
   limb	
  

walking	
   movements,	
   were	
   undisturbed	
   in	
   calnexin-­‐deficient	
   animals.	
  

Together,	
  these	
  measurements	
  indicate	
  that	
  neuronal	
  function	
  is	
  unimpaired.	
  

	
   Problems	
  with	
  the	
  myelin	
  sheath	
  can	
  result	
  from	
  mutations	
  in	
  myelin	
  

structural	
   proteins.	
   Mutations	
   in	
   the	
   myelin	
   proteins	
   P0	
   and	
   PMP22	
   are	
  

known	
   to	
   contribute	
   to	
   CMT	
   pathologies.	
   Missense	
   point	
   mutations	
   in	
   or	
  

over-­‐expression	
  of	
  PMP22	
  lead	
  to	
  CMT-­‐like	
  peripheral	
  neuropathies	
  [24]	
  that	
  

have	
   features	
   reminiscent	
   of	
   the	
   phenotype	
   of	
   the	
   cnx-­‐/-­‐	
   mouse.	
   Similarly,	
  

abnormal	
  myelin	
  folding,	
  or	
  tomaculae,	
  similar	
  to	
  those	
  observed	
  in	
  the	
  cnx-­‐/-­‐	
  

mice,	
  are	
  a	
  feature	
  of	
  HNPP	
  (hereditary	
  neuropathy	
  with	
  liability	
  to	
  pressure	
  

palsies),	
   a	
  disorder	
  with	
  a	
   loss	
  of	
  PMP22	
  expression.	
  PMP22-­‐deficient	
  mice	
  

have	
   a	
   delayed	
   onset	
   of	
  myelination	
   and	
   develop	
   abundant	
   tomocula	
   [25].	
  

Mice	
   deficient	
   in	
   P0	
   exhibit	
   abnormal	
   motor	
   coordination,	
   tremors	
   and	
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severe	
  hypomyelination	
  [26].	
  Mice	
  over-­‐expressing	
  P0	
  display	
  delayed	
  nerve	
  

development	
  due	
  to	
  deregulation	
  in	
  the	
  expression	
  of	
  other	
  myelin	
  genes	
  and	
  

altered	
  trafficking	
  to	
   the	
  plasma	
  membrane	
  [27,	
  28].	
  Calnexin	
   is	
   the	
   folding	
  

chaperone	
  for	
  PMP22	
  [29]	
  and	
  recently	
  has	
  also	
  been	
  identified	
  to	
  chaperone	
  

myelin	
  oligodendrocyte	
  glycoprotein	
  (MOG)	
  [30]	
  and	
  P0	
  [31].	
  In	
  the	
  absence	
  

of	
   calnexin,	
   P0	
   and	
   PMP22	
   traffic	
   to	
   the	
   plasma	
   membrane	
   but	
   they	
   are	
  

misfolded	
   and	
   non-­‐functional	
   as	
   adhesive	
   structural	
   components	
   of	
   the	
  

myelin	
   membrane	
   [31].	
   While	
   mechanisms	
   of	
   neuropathy	
   associated	
   with	
  

mutations	
  of	
  myelin	
  proteins	
  are	
  not	
  fully	
  appreciated,	
  disruption	
  of	
  normal	
  

axon-­‐glial	
  signaling	
  is	
  an	
  integral	
  part	
  of	
  the	
  process.	
  This	
  work	
  indicates	
  that	
  

calnexin	
   may	
   also	
   play	
   an	
   important	
   role	
   in	
   the	
   pathology	
   of	
   peripheral	
  

neuropathies	
  and	
  contribute	
  to	
  the	
  diversity	
  of	
  these	
  neurological	
  disorders.	
  

Although	
  calnexin	
  is	
  not	
  a	
  myelin	
  protein,	
  the	
  protein	
  is	
  a	
  critical	
  regulator	
  of	
  

myelin	
   protein	
   expression,	
   folding	
   and	
   function.	
   This	
   study	
   points	
   at	
   the	
  

emerging	
   importance	
   of	
   the	
  ER	
   and	
  ER	
   associated	
  proteins	
   involved	
   in	
   the	
  

quality	
  control	
  of	
   the	
  secretory	
  pathways	
  as	
  key	
  upstream	
  elements	
  during	
  

the	
   early	
   stages	
   of	
   myelination,	
   and	
   as	
   such,	
   the	
   ER	
   and	
   molecular	
  

chaperones	
  such	
  as	
  calnexin	
  may	
  be	
  contributors	
  to	
  a	
  peripheral	
  neuropathy	
  

such	
  as	
  CMT.	
  Understanding	
  the	
  contribution	
  of	
  calnexin	
  and	
  ER-­‐associated	
  

pathways	
  in	
  peripheral	
  neuropathies	
  may	
  lay	
  the	
  groundwork	
  for	
  the	
  design	
  

of	
  therapeutic	
  strategies	
  to	
  promote	
  the	
  function	
  of	
  myelinating	
  glial	
  cells.	
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Introduction	
  

Calnexin	
   and	
   calreticulin	
   are	
   highly	
   similar	
   molecular	
   chaperones	
  

with	
   one	
   major	
   difference	
   being	
   calreticulin	
   is	
   a	
   luminal	
   protein	
   whereas	
  

calnexin	
   has	
   a	
   transmembrane	
   domain	
   and	
   cytoplasmic	
   tail.	
   The	
   calnexin	
  

cytoplasmic	
  tail	
  provides	
  a	
  unique	
  entity	
  that	
  allows	
  calnexin	
  to	
  bridge	
  two	
  

distinctive	
  cellular	
  environments,	
  the	
  ER	
  lumen	
  and	
  the	
  cytoplasm.	
  While	
  the	
  

structure	
   of	
   the	
   calnexin	
   N+P	
   ER	
   luminal	
   domain	
   has	
   been	
   solved	
   [1],	
   the	
  

structure	
   of	
   the	
   C-­‐tail	
   has	
   not	
   been	
   examined.	
   Structural	
   and	
   biophysical	
  

information	
   on	
   the	
   calnexin	
   C-­‐tail	
   will	
   provide	
   clues	
   as	
   to	
   the	
   functional	
  

importance	
   of	
   the	
   unique	
   C-­‐tail.	
   To	
   examine	
   the	
   biophysical	
   and	
   structural	
  

characteristics	
   of	
   the	
   calnexin	
   cytoplasmic	
   tail,	
   we	
   employed	
   analytical	
  

centrifugation,	
   circular	
  dichroism	
  (CD),	
  nuclear	
  magnetic	
   resonance	
   (NMR),	
  

and	
  biochemical	
  techniques.	
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Materials	
  and	
  Methods	
  

Expression	
  and	
  Purification	
  of	
  Recombinant	
  Calnexin	
  C-­‐tail	
  

cDNA	
  encoding	
   the	
  C-­‐tail	
  of	
   calnexin	
   (amino	
  acids	
  486-­‐573)	
  was	
  generated	
  

by	
  PCR-­‐driven	
  amplification	
  of	
   canine	
  calnexin	
   in	
  a	
  Bluescript	
  plasmid.	
  The	
  

following	
   DNA	
   primers	
   were	
   used:	
   forward	
   primer,	
   5'-­‐	
  

CATGCCATGGCTGGAAAGAAACAGTCAAG	
   -­‐3',	
   and	
   reverse	
   primer,	
   5'-­‐	
  

GCTCTAGACACTCTCTTCGTGGCTTTC	
  -­‐3'.	
  The	
  cDNA	
  product	
  was	
  cloned	
  into	
  

the	
   NcoI	
   and	
   XbaI	
   sites	
   of	
   pBAD/gIII	
   E.	
   coli	
   expression	
   vector	
   yielding	
   a	
  

plasmid	
  encoding	
  the	
  C-­‐tail	
  of	
  calnexin	
  and	
  designated	
  pBAD-­‐Ctail.	
  Top	
  10	
  F’	
  

E.	
  coli	
  transformed	
  with	
  calnexin	
  native	
  and	
  mutant	
  C-­‐tail	
  expression	
  vectors	
  

were	
  grown	
  in	
  TB	
  medium	
  containing	
  13.5	
  g	
  bacto-­‐tryptone,	
  26.5	
  g	
  yeast,	
  60	
  

mM	
   glycerol	
   per	
   liter	
   deionized	
   water	
   with	
   286.2	
   µM	
   ampicillin.	
   Cultures	
  

were	
   grown	
   to	
   the	
   midlog	
   phase	
   followed	
   by	
   induction	
   of	
   recombinant	
  

protein	
  expression	
  with	
  0.02%	
  L-­‐arabinose	
  induction	
  for	
  4	
  hours.	
  Cells	
  were	
  

spun	
  down	
  at	
  6,000	
  xg	
  for	
  15	
  min	
  and	
  the	
  pellet	
  re-­‐suspended	
  in	
  lysis	
  buffer	
  

containing	
  600	
  mM	
  NaCl,	
  50	
  mM	
  Tris,	
  pH	
  8.0,	
  10%	
  Glycerol,	
  0.1%	
  Triton	
  X-­‐

100	
   and	
   lysed	
   with	
   a	
   French	
   Press	
   set	
   at	
   1000	
   p.s.i.,	
   followed	
   by	
  

centrifugation	
  at	
  12,000	
  xg	
  for	
  10	
  min.	
  His-­‐tagged	
  proteins	
  were	
  purified	
  on	
  

a	
   Ni2+-­‐nitriloacetic	
   acid-­‐agarose	
   affinity	
   column.	
   Lysates	
   were	
   mixed	
   with	
  

Ni2+-­‐nitriloacetic	
  acid-­‐agarose	
  beads	
  equilibrated	
  in	
  column	
  buffer	
  containing	
  

600	
  mM	
  NaCl,	
  50mM	
  Tris,	
  pH	
  8.0,	
  20	
  mM	
  Imidazole	
  and	
  washed	
  with	
  wash	
  

buffer	
  containing	
  50	
  mM	
  Tris,	
  20	
  mM	
  Imidazole	
  pH	
  8.0,	
  then	
  eluted	
  from	
  the	
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beads	
  with	
  elution	
  buffer	
  containing	
  250	
  mM	
  Imidazole,	
  50	
  mM	
  Tris	
  pH	
  8.0.	
  

Recombinant	
  proteins	
  were	
  concentrated	
  by	
  a	
  centrifugal	
  filter	
  (Biomax	
  30K	
  

NMWL	
   membrane;	
   Millipore),	
   and	
   proteins	
   were	
   dissolved	
   in	
   a	
   buffer	
  

containing	
   10	
   mM	
   Tris,	
   pH	
   7.0,	
   and	
   1	
   mM	
   EDTA.	
   For	
   purification	
   of	
   15N	
  

labeled	
  C-­‐tail	
  for	
  NMR	
  spectroscopy,	
  the	
  following	
  modifications	
  to	
  the	
  above	
  

protocol	
  were	
  made.	
  E.	
  coli	
  culture	
  (2	
  L)	
  was	
  spun	
  at	
  6000	
  x	
  g	
  and	
  the	
  pellet	
  

re-­‐suspended	
   in	
   1	
   L	
   minimal	
   media	
   containing	
   100	
   mM	
   NaH2PO4,	
   35	
   mM	
  

K2HPO4	
  pH	
  7.3	
  with	
  10	
  ml	
  1M	
  MgSO4,	
  1.8	
  ml	
  1	
  mM	
  FeSO4	
  and	
  incubated	
  for	
  

30	
  min.	
  One	
  gram	
  of	
   15N	
  NH4Cl	
  dissolved	
   in	
  4	
  ml	
  of	
  ddH2O	
  was	
  added	
  with	
  

induction	
   of	
   protein	
   expression.	
   Following	
   purification	
   on	
   the	
   Ni2+-­‐

nitriloacetic	
  acid-­‐agarose	
  affinity	
   column	
  as	
  described	
  above,	
   samples	
  were	
  

further	
   purified	
   on	
   FPLC,	
   followed	
   by	
   10-­‐50K	
  MWCO	
   size	
   exclusion	
   filters.	
  

Purified	
   protein	
   was	
   solubilized	
   in	
   10	
   mM	
   ammonium	
   bicarbonate.	
  

Recombinant	
  human	
  UBC9	
  encoded	
  by	
  the	
  pET28b	
  vector	
  was	
  expressed	
  in	
  

BL21	
   E.	
   coli	
   cells	
   and	
   purified	
   [2].	
   Protein	
   concentrations	
   were	
   estimated	
  

using	
  near	
  UV	
  absorbance	
  (280	
  nm).	
  

Sedimentation	
  Equilibrium    

Sedimentation	
   equilibrium	
   experiments	
   were	
   conducted	
   at	
   22°C	
   using	
   a	
  

Beckman	
   XL-­‐I	
   analytical	
   ultracentrifuge	
   using	
   absorbance	
   optics,	
   as	
  

described	
  by	
  Laue	
  and	
  Stafford	
  [3].	
  Aliquots	
  (110  µμl)	
  of	
  the	
  sample	
  solution	
  

were	
   loaded	
   into	
  six	
  sector	
  CFE	
  sample	
  cells,	
  allowing	
   three	
  concentrations	
  

to	
   be	
   tested	
   simultaneously.	
   Runs	
   were	
   performed	
   at	
   a	
  minimum	
   of	
   three	
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different	
   speeds	
   and	
   each	
   speed	
   was	
   maintained	
   until	
   there	
   was	
   no	
  

significant	
   difference	
   in	
   r2/2	
   versus	
   absorbance	
   scans	
   taken	
   2	
   h	
   apart	
   to	
  

ensure	
  that	
  equilibrium	
  was	
  achieved.	
  	
  Sedimentation	
  equilibrium	
  data	
  were	
  

evaluated	
   using	
   the	
   NONLIN	
   program,	
   which	
   employs	
   a	
   nonlinear	
   least	
  

squares	
  curve-­‐fitting	
  algorithm	
  [4].	
  The	
  program	
  allows	
  for	
  analysis	
  of	
  both	
  

single	
  and	
  multiple	
  data	
  files	
  and	
  can	
  be	
  fit	
   to	
  models	
  containing	
  up	
  to	
  four	
  

associating	
  species,	
  depending	
  upon	
  which	
  parameters	
  are	
  permitted	
  to	
  vary	
  

during	
   the	
   fitting	
   routine.	
   The	
   partial	
   specific	
   volume	
   of	
   the	
   protein,	
   the	
  

solvent	
  density	
  were	
  estimated	
  using	
  the	
  Sednterp	
  program	
  [5].	
  

Circular	
  Dichroism	
  Spectroscopy	
  

Spectra	
  were	
  recorded	
  in	
  a	
  Jasco	
  J720	
  spectropolarimeter	
  in	
  cells	
  with	
  a	
  0.05	
  

cm	
   pathlength.	
   The	
   measurements	
   were	
   collected	
   at	
   25°C.	
   The	
   protein	
  

concentration	
   was	
   calculated	
   by	
   quantitative	
   amino	
   acid	
   analysis	
   for	
   each	
  

independent	
   protein	
   preparation	
   and	
   protein	
   in	
   buffer	
   containing	
   10	
   mM	
  

Tris	
  pH	
  7.0,	
  1	
  mM	
  EDTA	
  was	
  diluted	
  with	
  ddH2O	
  to	
  the	
  final	
  concentration	
  of	
  

300	
  µg/mL.	
   Data	
  were	
   converted	
   to	
  mean	
   residue	
   ellipticity	
   using	
   a	
  mean	
  

residue	
  weight	
   of	
   116	
   calculated	
  based	
  on	
   a	
  predicted	
  molecular	
  weight	
   of	
  

13,158	
  of	
  113	
  amino	
  acids	
  for	
  the	
  canine	
  C-­‐tail	
  His-­‐myc	
  construct.	
  	
  

Ruthenium	
  Red	
  

One	
  or	
  10	
  µg	
  purified	
  protein	
  samples	
  were	
  run	
  on	
  a	
  10%	
  SDS-­‐PAGE	
  gel	
  and	
  

transferred	
   to	
   a	
   nitrocellulose	
   membrane.	
   The	
   membranes	
   were	
   rinsed	
  

several	
   times	
   in	
   rinse	
   buffer	
   containing	
   10	
   mM	
   Tris-­‐HCl	
   pH	
   7.5	
   and	
   then	
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incubated	
   with	
   100	
   mL	
   Ruthenium	
   Red	
   (Sigma)	
   stain	
   containing	
   0.025	
  

mg/mL	
   (w/v)	
   Ruthenium	
   Red	
   for	
   1	
   hour	
   at	
   room	
   temperature.	
   The	
   blots	
  

were	
  destained	
  in	
  rinse	
  buffer.	
  	
  

NMR	
  spectroscopy  

	
  The	
   [15N]	
   labelled	
   C-­‐tail	
   and	
   UBC9	
   samples	
   were	
   flash	
   frozen	
   with	
   liquid	
  

nitrogen,	
   lyophilised,	
   and	
   dissolved	
   in	
   the	
   standard	
  NMR	
   buffer	
   containing	
  

100	
   mM	
   KCl	
   and	
   10	
   mM	
   imidazole.	
   Deuterated	
   DSS	
   (4,4-­‐dimethyl-­‐4-­‐

silapentane-­‐1-­‐sulfonic	
  acid)	
  was	
  added	
   for	
  referencing.	
  A	
  1D	
  1H	
  and	
  2D	
  1H-­‐

15N	
   HSQC	
   NMR	
   spectra	
   was	
   obtained	
   for	
   the	
   C-­‐tail	
   alone.	
   Unlabelled	
  

recombinant	
  UBC9	
  (1.2	
  mg)	
  was	
  added	
  to	
  the	
  C-­‐tail	
  and	
  2	
  µl	
  of	
  1	
  M	
  HCl  was	
  

added	
   to	
   adjust	
   the	
   pH	
   to	
   6.79	
   according	
   to	
   the	
   chemical	
   shift	
   of	
   the	
  

imidazole	
  protons.	
  A	
  1D	
  1H	
  and	
  2D	
  1H-­‐15N	
  HSQC	
  NMR	
  spectra	
  were	
  acquired.	
  

Three	
  µl	
  of	
  1	
  M	
  CaCl2	
  was	
  added	
  to	
  the	
  NMR	
  sample,	
  to	
  ensure	
  that	
  Ca2+	
  is	
  not	
  

a	
  requirement	
  for	
  binding.	
  A	
  1D	
  1H	
  and	
  2D	
  1H-­‐15N	
  HSQC	
  NMR	
  spectra	
  were	
  

acquired.	
  (NB.	
  no	
  EDTA	
  was	
  present	
  in	
  the	
  sample	
  at	
  any	
  time)	
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Results	
  

The	
  C-­‐tail	
   is	
   a	
  highly	
  unusual	
   sequence	
  with	
   a	
   significant	
  number	
  of	
  

acidic	
   residues	
   and	
   a	
   correspondingly	
   low	
   theoretical	
   isoelectric	
   point	
   of	
  

4.57.	
  The	
  C-­‐tail	
  can	
  be	
  divided	
  into	
  4	
  functional	
  domains	
  based	
  on	
  its	
  amino	
  

acid	
  sequence;	
  a	
   juxtamembrane	
  basic	
   region	
   (lysine	
   rich),	
   an	
  acidic	
   region	
  

(glutamic	
  acid	
   rich),	
   a	
  phosphorylation	
  domain,	
   and	
  a	
  putative	
  ER	
   retrieval	
  

sequence	
   [6].	
   Glutamic	
   acid	
   is	
   the	
   most	
   frequent	
   amino	
   acid	
   of	
   the	
   C-­‐tail,	
  

making	
  up	
  27%	
  of	
  the	
  total	
  amino	
  acid	
  composition.	
  Aspartic	
  acid	
  makes	
  up	
  

10%	
  whereas	
   the	
  basic	
  amino	
  acids	
  arginine	
  and	
   lysine	
  make	
  up	
  6.7%	
  and	
  

15.6%,	
   respectively.	
   Two	
   juxtamembrane	
   cysteines	
   are	
   thought	
   to	
   be	
  

palmitoylated.	
  Additionally,	
  phosphorylation	
  of	
   Ser534,	
   Ser544	
   and	
  Ser563	
  has	
  

been	
   shown	
   to	
   play	
   a	
   role	
   in	
   calnexin’s	
   chaperone	
   function,	
   C-­‐tail/protein	
  

interactions	
   and	
   calnexin	
   localization	
   [7-­‐9].	
   Calnexin	
   can	
   be	
   cleaved	
   under	
  

apoptotic	
   conditions	
  at	
  a	
  DEED	
  caspase	
  cleavage	
  site	
  at	
  amino	
  acid	
   residue	
  

D548	
   and	
   the	
   overexpression	
   of	
   this	
   cleavage	
   product	
   is	
   found	
   to	
   partially	
  

inhibit	
  apoptosis	
  [10].	
  Interestingly,	
  this	
  cleavage	
  site	
  is	
  conserved	
  in	
  mouse	
  

and	
  rat	
  calnexin	
  C-­‐tail,	
  but	
  not	
  in	
  dog	
  and	
  human	
  (EEDD	
  instead).	
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Figure	
  3.1.	
  The	
  calnexin	
  C-­‐tail	
  is	
  composed	
  of	
  multi-­‐functional	
  regions.	
  

The	
   canine	
   C-­‐tail	
   is	
   depicted	
   above.	
   The	
   C-­‐tail	
   can	
   be	
   organized	
   into	
   4	
  
functional	
  domains	
  based	
  on	
  its	
  amino	
  acid	
  sequence;	
  a	
  basic	
  region	
  (purple),	
  
an	
   acidic	
   region	
   (blue),	
   a	
   phosphorylation	
   domain	
   (green),	
   and	
   a	
   retention	
  
signal	
   (yellow)	
   (figure	
   adapted	
   from	
   [6]).	
   The	
   phosphorylatable	
   serines,	
  
Ser535,	
   Ser545	
   and	
  Ser564,	
   are	
   indicated	
   in	
  green.	
  The	
   table	
   shows	
   the	
  amino	
  
acid	
   composition	
   of	
   the	
   C-­‐tail	
   in	
   percentages	
   of	
   the	
   entire	
   C-­‐tail	
   sequence.	
  
The	
  most	
  frequently	
  occurring	
  amino	
  acid	
  is	
  glutamic	
  acid	
  at	
  26.7%	
  of	
  total.	
  
Lysine	
  and	
  aspartic	
  acid	
  are	
  the	
  second	
  and	
  third	
  most	
  frequently	
  occurring	
  
amino	
  acids	
  at	
  15.6%	
  and	
  10.0%,	
  respectively.	
  Acidic	
  residues	
  (Asp	
  and	
  Glu)	
  
are	
  shown	
  in	
  blue,	
  basic	
  residues	
  (Lys	
  and	
  Arg)	
  are	
  shown	
  in	
  purple	
  and	
  Ser	
  
residue	
  composition	
  in	
  green.	
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Calnexin	
  C-­‐tail	
  Associates	
  as	
  a	
  Homo-­‐dimer	
  	
  

	
   Canine	
   calnexin	
   C-­‐tail	
   was	
   expressed	
   and	
   purified	
   using	
   the	
   pBAD	
  

expression	
  system	
  and	
  Ni2+	
  affinity	
  chromatography.	
  The	
  purity	
  of	
  the	
  C-­‐tail	
  

samples	
  was	
   assessed	
   using	
   SDS-­‐PAGE	
   and	
   Coomassie	
   blue	
   staining.	
  When	
  

increasing	
   amounts	
   of	
   C-­‐tail	
   were	
   separated	
   on	
   a	
   SDS-­‐PAGE	
   gel,	
   two	
  

independent	
   species	
  were	
   visible	
   (Fig.	
   3.2).	
   Calnexin	
   C-­‐tail	
   has	
   a	
   predicted	
  

molecular	
   weight	
   of	
   13,	
   158	
   but	
   the	
   mobility	
   on	
   an	
   SDS-­‐PAGE	
   gel	
   is	
  

approximately	
  30-­‐kDa.	
  The	
  second	
  species	
  visible	
  on	
  a	
  gel	
  had	
  an	
  apparent	
  

molecular	
  weight	
  of	
  approximately	
  60-­‐kDa.	
  To	
  confirm	
  the	
  identity	
  of	
  these	
  

species,	
  western	
  blotting	
  with	
  an	
  antibody	
  specific	
  to	
  the	
  last	
  18	
  amino	
  acids	
  

of	
   the	
  calnexin	
  C-­‐tail	
  and	
  mass	
  spectrometry	
   identification	
  were	
  used.	
  Both	
  

the	
  30-­‐kDa	
  and	
  60-­‐kDa	
  species	
  were	
  recognized	
  by	
  the	
  calnexin	
  antibody	
  and	
  

mass	
  spectrometry	
  confirmed	
  that	
  the	
  identity	
  of	
  both	
  species	
  was	
  calnexin	
  

C-­‐tail.	
  This	
  implicates	
  that	
  purified	
  calnexin	
  C-­‐tail	
  can	
  associate	
  as	
  a	
  dimeric	
  

species,	
  even	
  in	
  the	
  presence	
  of	
  SDS.	
  	
  

We	
   used	
   analytical	
   centrifugation	
   to	
   assess	
   the	
   nature	
   of	
   the	
   C-­‐tail	
  

homo-­‐oligomeric	
   association	
   and	
   to	
   determine	
   the	
   predominant	
   C-­‐tail	
  

species	
   (Figure	
   3.3).	
   Sedimentation	
   equilibrium	
   is	
   an	
   analytical	
  

ultracentrifugation	
  technique	
  that	
  can	
  measure	
  molecular	
  mass	
  and	
  establish	
  

the	
  monomeric/oligomeric	
   state	
   of	
   the	
   protein	
   in	
   solution.	
   The	
   centrifugal	
  

force	
   produces	
   a	
   concentration	
   gradient	
   that	
   at	
   equilibrium	
   is	
   dependent	
  

only	
  on	
  the	
  molecular	
  mass	
  and	
  is	
  independent	
  of	
  the	
  shape	
  of	
  the	
  molecule.	
  

Sedimentation-­‐equilibrium	
   data	
   were	
   obtained	
   using	
   a	
   Beckman	
   XL-­‐I	
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analytical	
   ultracentrifuge	
   equipped	
  with	
   absorbance	
   optics,	
  monitoring	
   the	
  

absorbance	
  at	
  280	
  nm.	
  The	
  runs	
  were	
  carried	
  out	
  at	
  speeds	
  ranging	
  from	
  2.4	
  

x	
  104	
   rpm	
   to	
  2.8	
   x	
  104	
   rpm	
  and	
  with	
   loading	
  protein	
   concentrations	
   in	
   the	
  

range	
  of	
  3.8	
  to	
  1.9	
  mg/ml.	
  The	
  combined	
  data	
  from	
  9	
  data	
  sets	
  were	
  analyzed	
  

using	
   the	
   nonlinear	
   least	
   squares	
   curve-­‐fitting	
   program,	
  NONLIN.	
   The	
   data	
  

obtained	
   for	
   the	
  calnexin	
   cytoplasmic	
   tail	
  was	
  best	
   fit	
   to	
  a	
  monomer-­‐dimer	
  

model	
   with	
   a	
   global	
   molecular	
   average	
   of	
   19,595	
   Da,	
   higher	
   than	
   the	
  

sequence	
  molecular	
  weight	
  of	
  13,	
  158,	
  and	
  a	
  calculated	
  association	
  constant	
  

(Ka)	
   value	
   of	
   1.853	
   x	
   105M-­‐1.	
   The	
   molecular	
   average	
   indicates	
   the	
  

predominant	
   species	
   of	
   the	
   C-­‐tail	
   is	
   a	
   dimer.	
   The	
   analytical	
   centrifugation	
  

was	
  conducted	
  in	
  buffer	
  without	
  Ca2+	
  and	
  thus	
  does	
  not	
  tell	
  us	
  the	
  oligomeric	
  

structure	
  of	
  the	
  C-­‐tail	
  in	
  the	
  presence	
  of	
  Ca2+.	
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Figure	
   3.2.	
   The	
   purified	
   calnexin	
   C-­‐tail	
   migrates	
   as	
   two	
   species	
  
according	
  to	
  molecular	
  weight.	
  	
  

(A)	
   Increasing	
   amounts	
   of	
   purified	
   calnexin	
   C-­‐tail	
   (as	
   indicated)	
   were	
  
separated	
  on	
  an	
  SDS-­‐PAGE	
  gel	
   and	
   stained	
  with	
  Coomassie	
   to	
   visualize	
   the	
  
proteins.	
  Two	
  distinct	
  species	
  were	
  visible,	
  one	
  at	
  approximately	
  30-­‐kDa	
  and	
  
the	
   other	
   at	
   60-­‐kDa,	
   and	
   both	
   were	
   identified	
   as	
   calnexin	
   by	
   mass	
  
spectrometry	
   analysis.	
   The	
   upper	
   protein	
   band	
  was	
   identified	
   as	
   Hsp70,	
   a	
  
contaminant	
   in	
   all	
   protein	
   purification	
   preparations.	
   (B)	
   Western	
   blot	
  
analysis	
   using	
   a	
   anti-­‐calnexin	
   antibodies	
   specific	
   to	
   the	
   C-­‐tail	
   of	
   calnexin	
  
recognized	
   two	
   independent	
   molecular	
   weight	
   species,	
   one	
   at	
   30-­‐kDa	
   and	
  
one	
  at	
  60-­‐kDa,	
  consistent	
  with	
  the	
  Coomassie	
  blue	
  staining.	
  Purified	
  calnexin	
  
C-­‐tail	
  appears	
  to	
  self-­‐associate,	
  even	
  in	
  the	
  presence	
  of	
  SDS.	
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Figure	
   3.3.	
   Sedimentation-­‐equilibrium	
   analysis	
   of	
   the	
   calnexin	
  
cytoplasmic	
  tail	
  (CNXC).	
  	
  	
  

CNXC	
  was	
  dissolved	
   in	
  50	
  mM	
  Tris	
   (pH	
  7.0),	
   100	
  mM	
  sodium	
  chloride	
   and	
  
centrifuged	
  at	
  24000	
  (A),	
  26000	
  (B)	
  and	
  28000	
  (C)	
  rpm	
  at	
  4ºC.	
  The	
  protein	
  
concentration	
  was	
  3.8	
  mg/mL	
  (circles),	
  2.5	
  mg/mL	
  (squares),	
  or	
  1.9	
  mg/mL	
  
(triangles).	
  The	
  lower	
  graphs	
  illustrate	
  plots	
  of	
  r2/2	
  versus	
  absorbance.	
  The	
  
symbols	
   represent	
  measured	
   data	
   points,	
   and	
   solid	
   lines	
   represent	
   best-­‐fit	
  
curves	
  to	
  a	
  monomer-­‐dimer	
  model.	
  	
  The	
  upper	
  graphs	
  illustrate	
  the	
  residuals	
  
from	
   the	
   fitting.	
   The	
   random,	
   nonsystematic	
   distribution	
   of	
   the	
   residuals	
  
indicates	
  a	
  good	
  fit	
  of	
  the	
  data	
  to	
  the	
  models.	
  Sedimentation	
  equilibrium	
  was	
  
carried	
  out	
  by	
  Emmanuel	
  Guigard	
  and	
  Cyril	
  Kay.	
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Circular	
  Dichroism	
  Analysis	
  of	
  the	
  C-­‐tail	
  

While	
  the	
  structure	
  of	
  the	
  calnexin	
  N+P	
  ER	
  luminal	
  domain	
  has	
  been	
  

solved	
  [1],	
  the	
  structural	
  properties	
  of	
  the	
  cytoplasmic	
  domain	
  have	
  not	
  been	
  

investigated.	
   Purified	
   C-­‐tail	
   protein	
   was	
   used	
   for	
   analysis	
   by	
   circular	
  

dichroism	
  (CD)	
  to	
  determine	
  its	
  secondary	
  structure.	
  Due	
  to	
  the	
  acidic	
  nature	
  

of	
  the	
  C-­‐tail,	
  the	
  protein	
  concentration	
  could	
  not	
  be	
  accurately	
  obtained	
  using	
  

colorimetric	
  protein	
  assays.	
  Instead,	
  the	
  concentration	
  was	
  determined	
  using	
  

amino	
  acid	
  analysis	
  and	
  a	
  concentration	
  of	
  300	
  µg/mL	
  protein	
  was	
  used	
  for	
  

each	
   CD	
   run.	
   The	
   CD	
   spectra	
  were	
   obtained	
   at	
   25°C	
   and	
   the	
  mean	
   residue	
  

ellipticity	
   was	
   evaluated	
   between	
   the	
   wavelengths	
   190-­‐250	
   nm.	
   Different	
  

structural	
  elements	
  in	
  a	
  protein	
  have	
  characteristic	
  CD	
  spectra	
  [11].	
  α-­‐helical	
  

proteins	
  have	
  negative	
  bands	
  at	
  222	
  nm	
  and	
  208	
  nm	
  and	
  a	
  positive	
  band	
  at	
  

193	
   nm.	
   Proteins	
   containing	
   antiparallel	
   β-­‐pleated	
   sheets	
   have	
   negative	
  

bands	
   at	
   218	
   nm	
   and	
   positive	
   bands	
   at	
   195	
   nm.	
   Disordered	
   proteins	
   have	
  

very	
  low	
  ellipticity	
  at	
  210	
  nm	
  and	
  negative	
  bands	
  near	
  195	
  nm.	
  Thus,	
  the	
  CD	
  

spectra	
  of	
  purified	
   calnexin	
  C-­‐tail	
   indicate	
   it	
   is	
   a	
   random	
  coil	
   in	
   solution.	
   It	
  

has	
   been	
   postulated	
   that	
   the	
   C-­‐tail	
   can	
   act	
   as	
   a	
   Ca2+	
   oscillation	
   sensor	
   and	
  

Ca2+	
   binding	
   could	
   impact	
   calnexin’s	
   known	
   inhibitory	
   association	
   with	
  

SERCA	
  [12].	
  Further,	
  while	
  there	
  are	
  no	
  known	
  Ca2+	
  binding	
  domains	
  (i.e.	
  EF-­‐

hand)	
   within	
   the	
   C-­‐tail,	
   its	
   acidic	
   sequence	
   would	
   support	
   electrostatic	
  

interactions	
  with	
   Ca2+.	
   To	
   investigate	
   Ca2+	
   binding	
   to	
   the	
   C-­‐tail,	
   CD	
   spectra	
  

were	
  obtained	
  in	
  the	
  presence	
  of	
  0.1	
  mM	
  EGTA	
  to	
  sequester	
  any	
  Ca2+	
  from	
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Figure	
  3.4.	
  Circular	
  dichroism	
  analysis	
  of	
  the	
  C-­‐tail.	
  	
  

CD	
  analysis	
  of	
  the	
  purified	
  C-­‐tail	
  indicates	
  it	
  is	
  a	
  random	
  coil.	
  The	
  structure	
  is	
  
unchanged	
  in	
  the	
  presence	
  of	
  EGTA.	
  In	
  the	
  presence	
  of	
  100	
  µM	
  Ca2+,	
  there	
  is	
  
an	
   increase	
   in	
   the	
  mean	
   residue	
   ellipticity	
   at	
   200	
   nm,	
   indicating	
   that	
   Ca2+	
  
binds	
  and	
  has	
  some	
  impact	
  on	
  C-­‐tail	
  structure	
  in	
  solution.	
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solution,	
  and	
  then	
  in	
  the	
  presence	
  of	
  100	
  µm	
  excess	
  Ca2+.	
  Ca2+	
  has	
  some	
  effect	
  

on	
  the	
  spectra	
  of	
  the	
  C-­‐tail	
  and	
  induces	
  a	
  shift	
  corresponding	
  to	
  an	
  increase	
  

in	
  mean	
  residue	
  ellipticity	
  at	
  200	
  nm.	
  This	
  indicates	
  that	
  Ca2+	
  does	
  bind	
  the	
  C-­‐

tail	
  and	
  impacts	
  on	
  its	
  structure.	
  

Ruthenium	
  Red	
  Indicates	
  the	
  C-­‐tail	
  can	
  Bind	
  Ca2+	
  

We	
  used	
  Ruthenium	
  Red	
  stain	
  to	
  assess	
  the	
  ability	
  of	
  the	
  C-­‐tail	
  to	
  bind	
  

Ca2+.	
   Ruthenium	
  Red	
   is	
   a	
   polycationic	
   stain	
   that	
   can	
   be	
   used	
   to	
   assess	
   the	
  

Ca2+–binding	
   propensity	
   of	
   proteins	
   [13].	
   It	
   is	
   known	
   to	
   bind	
   to	
   the	
   Ca2+-­‐

binding	
   site	
   of	
   several	
   Ca2+	
   sequestering	
   proteins	
   such	
   as	
   calmodulin	
   and	
  

calsequestrin	
   and	
   this	
   binding	
   can	
   be	
   blocked	
   by	
   incubation	
  with	
  Ca2+	
   [13,	
  

14].	
   Ruthenium	
  Red	
   inhibits	
   Ca2+-­‐dependent	
   processes	
   including	
   inhibition	
  

of	
   Ca2+-­‐induced	
   Ca2+	
   release	
   from	
   skeletal	
   and	
   cardiac	
   muscle	
   fibres	
   and	
  

tissue-­‐derived	
  sarcoplasmic	
  reticulum	
  vesicles	
  and	
  can	
  be	
  used	
  as	
  a	
  tool	
  for	
  

analysis	
   of	
   Ca2+–binding	
   [15,	
   16].	
   We	
   used	
   a	
   range	
   of	
   different	
   purified	
  

proteins,	
   some	
   known	
   to	
   bind	
   Ca2+	
   and	
   some	
   that	
   don’t	
   bind	
   Ca2+	
   for	
  

comparison.	
   The	
   luminal	
   domain	
   of	
   Stim	
   1	
   (Stim	
   1A),	
   calreticulin	
   and	
   the	
  

luminal	
  domain	
  of	
  calnexin	
  (CNX	
  N+P)	
  all	
  bind	
  Ca2+	
  as	
  expected.	
  Neither	
  the	
  

RIKEN	
  MGC32324	
  protein	
  or	
  ERp57	
  bind	
  Ca2+,	
  providing	
  a	
  negative	
  control.	
  

A	
  cytoplasmic	
  portion	
  of	
  Stim	
  (Stim	
  1C)	
  binds	
  some	
  Ca2+.	
  The	
  calnexin	
  C-­‐tail	
  

binds	
   modest	
   amounts	
   of	
   Ca2+,	
   less	
   than	
   known	
   Ca2+-­‐buffering	
   protein	
  

calreticulin	
   and	
   the	
   luminal	
  domain	
  of	
   Stim	
   (Stim1A),	
   a	
  Ca2+	
   sensor.	
   It	
   also	
  

appears	
  to	
  bind	
  less	
  Ca2+	
  than	
  the	
  luminal	
  domain	
  of	
  calnexin.	
  This	
  is	
  in	
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Figure	
  3.5.	
  Ruthenium	
  Red	
  stain	
  indicates	
  the	
  C-­‐tail	
  can	
  bind	
  Ca2+.	
  	
  

One	
   or	
   10	
   µg	
   of	
   select	
   purified	
   proteins	
   were	
   run	
   on	
   an	
   SDS-­‐PAGE	
   gel,	
  
transferred	
   to	
  a	
  nitrocellulose	
  membrane	
  and	
  stained	
  with	
  Ruthenium	
  Red.	
  
Positive	
  staining	
  indicates	
  the	
  propensity	
  to	
  bind	
  Ca2+.	
  The	
  RIKEN	
  MGC32324	
  
protein	
  and	
  ERp57	
  do	
  not	
  bind	
  Ca2+	
  and	
  provide	
  a	
  negative	
  control.	
  Stim1A	
  
(ER	
   luminal	
   domain),	
   CRT,	
   and	
   the	
   luminal	
   domain	
   of	
   CNX	
   bind	
   Ca2+	
   as	
  
previously	
  reported.	
  The	
  C-­‐tail	
  binds	
  less	
  Ca2+	
  than	
  CRT,	
  Stim1A	
  or	
  CNX	
  N+P	
  
but	
   more	
   Ca2+	
   than	
   ERp57	
   and	
   the	
   RIKEN	
   protein.	
   CRT,	
   calreticulin,	
   CNX,	
  
calnexin,	
  Stim	
  1A,	
  ER	
  luminal	
  domain	
  of	
  Stim,	
  Stim	
  1C,	
  cytoplasmic	
  portion	
  of	
  
Stim,	
  RIKEN	
  MGC32324,	
  unknown	
  protein	
  that	
  binds	
  CNX	
  C-­‐tail.	
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agreement	
   with	
   earlier	
   studies	
   on	
   Ca2+	
   binding	
   to	
   the	
   C-­‐tail	
   using	
   E.	
   coli	
  

expressed	
  GST	
  fusion	
  calnexin	
  fragments.	
  [17].	
  	
  

NMR	
  Spectroscopy	
  of	
  the	
  C-­‐tail	
  in	
  Apo	
  and	
  Ca2+-­‐bound	
  States	
  

We	
  used	
  NMR	
  spectroscopy	
   techniques	
   to	
  confirm	
  the	
  structure	
  and	
  

Ca2+	
   binding	
   characteristics	
   of	
   the	
   calnexin	
  C-­‐tail.	
  NMR	
   spectroscopy	
  of	
   the	
  

[15N]	
  calnexin	
  C-­‐tail	
  indicates	
  an	
  absence	
  of	
  nascent	
  structure.	
  A	
  1D	
  1H	
  NMR	
  

spectrum	
  was	
   acquired	
   for	
   unlabelled	
   C-­‐tail	
   in	
   the	
   apo	
   and	
   Ca2+	
   saturated	
  

states.	
   The	
   low	
   chemical	
   shift	
   dispersion	
   observed	
   for	
   both	
   the	
   amide	
   and	
  

aliphatic	
   regions,	
   combined	
   with	
   the	
   few	
   number	
   of	
   NOE	
   cross-­‐peaks	
  

observable	
  supports	
   that	
   the	
  C-­‐tail	
   is	
  mostly	
  unfolded.	
  Comparison	
  of	
   these	
  

spectra	
   indicates	
   that	
   while	
   the	
   aliphatic	
   region	
   is	
   unchanged	
   with	
   Ca2+	
  

saturation,	
  there	
  are	
  small	
  changes	
  in	
  the	
  aromatic	
  region	
  of	
  the	
  1D	
  1H	
  NMR	
  

spectra	
  between	
   the	
  apo	
  and	
  Ca2+	
   saturated	
  C-­‐tail.	
  A	
  2D	
   1H-­‐15N	
  HSQC	
  NMR	
  

spectra	
   of	
   the	
   C-­‐tail	
   of	
   calnexin	
   in	
   the	
   apo	
   and	
   Ca2+	
   saturated	
   state	
   was	
  

obtained	
   (Figure	
   3.6).	
   Small	
   chemical	
   shifts	
   were	
   visible	
   with	
   addition	
   of	
  

6mM	
  Ca2+	
  indicating	
  that	
  the	
  C-­‐tail	
  can	
  bind	
  Ca2+.	
  This	
  is	
  consistent	
  with	
  the	
  

CD	
  analysis	
  and	
  Ruthenium	
  Red	
  stain.	
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Figure	
  3.6.	
  NMR	
  spectroscopy	
  of	
  15N	
  C-­‐tail	
  indicates	
  Ca2+	
  binding.	
  	
  

2D	
  1H-­‐15N	
  HSQC	
  NMR	
  spectra	
  of	
  the	
  C-­‐tail	
  of	
  calnexin	
  in	
  the	
  apo	
  (black)	
  and	
  
Ca2+	
  (red)	
  states.	
  Small	
  chemical	
  shift	
  changes	
  were	
  observed	
  after	
  addition	
  
of	
   6	
   mM	
   CaCl2.	
   The	
   C-­‐tail	
   lacks	
   nascent	
   structure	
   and	
   the	
   small	
   chemical	
  
shifts	
  with	
  the	
  addition	
  of	
  Ca2+	
  suggest	
  Ca2+	
  binding.	
  NMR	
  spectroscopy	
  was	
  
conducted	
  by	
  Olivier	
  Julien	
  and	
  Brian	
  Sykes.	
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Discussion	
  

This	
  work	
   identifies	
  the	
  C-­‐tail	
   lacks	
  nascent	
  structure	
  as	
  assessed	
  by	
  

CD	
  and	
  NMR	
  spectroscopy.	
   It	
  can	
  homo-­‐dimerize	
  as	
   indicated	
  by	
  SDS-­‐PAGE	
  

and	
   sedimentation	
   equilibrium	
   analysis.	
   Further,	
   Ruthenium	
   Red	
   stain,	
   CD	
  

analysis	
  and	
  NMR	
  spectroscopy	
  demonstrate	
  the	
  C-­‐tail	
  binds	
  Ca2+.	
  

When	
  purified	
  calnexin	
  C-­‐tail	
  is	
  run	
  on	
  an	
  SDS-­‐PAGE	
  gel,	
  two	
  different	
  

molecular	
  weight	
   species	
  were	
   visible	
  with	
   Coomassie	
   stain.	
   Both	
   of	
   these	
  

species	
   were	
   identified	
   by	
   mass	
   spectrometry	
   as	
   calnexin	
   and	
   this	
   was	
  

supported	
   by	
  Western	
   blot	
   data	
  with	
   a	
   calnexin	
   C-­‐tail	
   antibody.	
   Analytical	
  

centrifugation	
   confirmed	
   that	
   the	
   purified	
   C-­‐tail	
   associated	
   in	
   a	
   dimer-­‐

monomer	
  equilibrium.	
  A	
  limitation	
  of	
  the	
  biophysical	
  studies	
  carried	
  out	
  here	
  

is	
   they	
  were	
   conducted	
  with	
   the	
   soluble	
   cytoplasmic	
   calnexin	
   domain	
   that	
  

could	
   display	
   different	
   properties	
   when	
   it	
   is	
   membrane-­‐anchored.	
   For	
  

example,	
   the	
   acidic	
   and	
   basic	
   regions	
   of	
   a	
   soluble	
   C-­‐tail	
   (Figure	
   3.1)	
   could	
  

electrostatically	
   interact	
   in	
   reverse	
   orientation	
   end	
   to	
   end	
   with	
   another	
  

monomer	
  to	
  form	
  the	
  soluble	
  C-­‐tail	
  dimer.	
  Membrane-­‐anchored	
  C-­‐tail	
  might	
  

instead	
   form	
   a	
   loop	
   where	
   the	
   acidic	
   region	
   loops	
   back	
   on	
   the	
  

juxtamembrane	
  basic	
  region	
  of	
  a	
  monomeric	
  calnexin.	
  While	
  the	
  relevance	
  of	
  

C-­‐tail	
  dimerization	
  in	
  vitro	
  remains	
  to	
  be	
  tested	
  in	
  vivo,	
  C-­‐tail	
  self-­‐association	
  

could	
  have	
  intriguing	
  implications	
  for	
  calnexin	
  in	
  vivo.	
  Self-­‐association	
  of	
  the	
  

calnexin	
  C-­‐tail	
  could	
  result	
  in	
  the	
  nucleation	
  of	
  interacting	
  proteins	
  and	
  their	
  

relevant	
   activity.	
   C-­‐tail-­‐C-­‐tail	
   interactions	
   could	
   help	
   one	
   calnexin	
   recruit	
  

another	
  to	
  the	
  ribosomal	
  docking	
  sites	
  and	
  the	
  translocon	
  to	
  aid	
  with	
  protein	
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folding.	
   Conversely,	
   self-­‐association	
   of	
   the	
   C-­‐tail	
   could	
   block	
   sites	
   for	
  

interaction	
   with	
   other	
   proteins.	
   Further	
   studies	
   will	
   reveal	
   if	
   C-­‐tail	
   self-­‐

association	
  has	
  a	
  functional	
  role	
  in	
  vivo	
  and	
  if	
  this	
  association	
  is	
  impacted	
  by	
  

post-­‐translational	
  modification	
  of	
  the	
  C-­‐tail.	
  

Both	
  CD	
  and	
  NMR	
  spectroscopy	
  indicate	
  purified	
  C-­‐tail	
  lacks	
  intrinsic	
  

structure.	
   This	
   might	
   be	
   expected	
   from	
   the	
   highly	
   acidic	
   amino	
   acid	
  

composition	
   as	
   extensive	
   folding	
   of	
   such	
   a	
   highly	
   charged	
   entity	
  would	
   be	
  

electrostatically	
   unfavourable.	
   Lack	
   of	
   intrinsic	
   structure	
   of	
   the	
   C-­‐tail	
   has	
  

interesting	
   implications	
   for	
   protein-­‐protein	
   interactions	
   and	
   post-­‐

translational	
   modifications.	
   An	
   unstructured	
   C-­‐tail	
   would	
   provide	
   a	
  

molecular	
  plasticity	
  that	
  could	
  be	
  modified	
  depending	
  on	
  the	
  protein	
  binding	
  

partners	
   and	
   type	
   of	
   post-­‐translational	
   modification.	
   Unstructured	
   protein	
  

regions	
  will	
  have	
  a	
  lower	
  entropy	
  cost	
  of	
  binding	
  due	
  to	
  a	
  greater	
  number	
  of	
  

accessible	
  conformations	
  achievable	
  to	
  locate	
  and	
  bind	
  specific	
  residues	
  [18].	
  

Flexible	
  protein	
  tails	
  are	
  often	
  seen	
  in	
  DNA	
  binding	
  proteins	
  and	
  bind	
  to	
  the	
  

DNA	
   by	
   a	
   mechanism	
   known	
   as	
   “fly-­‐casting”.	
   The	
   fly-­‐casting	
   mechanism	
  

involves	
   the	
   unfolded	
   protein	
   binding	
   weakly	
   to	
   the	
   substrate	
   from	
   a	
  

distance,	
  followed	
  by	
  folding	
  as	
  the	
  protein	
  approaches	
  the	
  binding	
  site	
  [18].	
  

While	
  we	
  do	
  not	
  know	
  if	
  the	
  C-­‐tail	
  attains	
  any	
  structure	
  when	
  bound	
  to	
  other	
  

proteins,	
   its	
   lack	
   of	
   nascent	
   structure	
   in	
   solution	
   identifies	
   it	
   as	
   a	
   dynamic	
  

and	
   malleable	
   entity	
   that	
   would	
   have	
   a	
   great	
   capacity	
   to	
   participate	
   in	
  

protein-­‐protein	
  interactions.	
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Considering	
  the	
  highly	
  acidic	
  nature	
  of	
  the	
  tail,	
  it	
  is	
  not	
  surprising	
  that	
  

it	
  binds	
  cationic	
  Ca2+.	
  The	
  tail	
  does	
  not	
  appear	
  to	
  attain	
  definitive	
  structure	
  in	
  

the	
   Ca2+-­‐saturated	
   state	
   and	
   instead	
   Ca2+-­‐binding	
   induces	
   small	
   chemical	
  

shifts	
  in	
  the	
  C-­‐tail	
  as	
  assessed	
  by	
  NMR	
  spectroscopy.	
  Ca2+	
  binding	
  to	
  the	
  C-­‐tail	
  

was	
   originally	
   postulated	
   in	
   a	
   series	
   of	
   biochemical	
   experiments	
   with	
  

recombinant	
  calnexin	
  fragments	
  [17].	
  Since	
  then,	
  it	
  has	
  been	
  postulated	
  that	
  

the	
   C-­‐tail	
   acts	
   as	
   a	
   sensor	
   for	
   cytosolic	
   Ca2+	
   oscillations	
   [12].	
   The	
  

phosphorylation	
  state	
  of	
  the	
  calnexin	
  C-­‐tail	
   is	
  regulated	
  through	
  calcineurin	
  

in	
  a	
  Ca2+-­‐dependent	
  manner	
   in	
  order	
   to	
  regulate	
   the	
   interaction	
  of	
  calnexin	
  

with	
   SERCA	
   [19].	
  Ca2+	
   binding	
   to	
   the	
   C-­‐tail	
   could	
  modulate	
   protein-­‐protein	
  

interactions	
  with	
   the	
   apo	
   and	
  Ca2+	
   bound	
   states	
   having	
   different	
   substrate	
  

specificities.	
   Cytosolic	
  Ca2+	
   and	
  Ca2+-­‐binding	
   to	
   the	
   C-­‐tail	
   could	
   have	
   direct	
  

effects	
   on	
   protein-­‐protein	
   interactions	
   through	
   electrostatic	
   effects,	
   or	
  

indirectly,	
   such	
   as	
   when	
   we	
   consider	
   SERCA	
   and	
   the	
   Ca2+-­‐dependent	
  

phosphorylation	
  status	
  of	
  the	
  C-­‐tail.	
  Together,	
  these	
  studies	
  provide	
  insights	
  

into	
   the	
   biophysical	
   properties	
   of	
   the	
   C-­‐tail	
   that	
   could	
   have	
   important	
  

implications	
  for	
  calnexin	
  function.	
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Introduction	
  

Calnexin	
  and	
  calreticulin	
  share	
  a	
  functionally	
  and	
  structurally	
  similar	
  

N+P-­‐domain	
   in	
   the	
   lumen	
   of	
   the	
   ER,	
   responsible	
   for	
   binding	
   nascent	
  

polypeptides.	
  However,	
  calreticulin	
  is	
  a	
  luminal	
  protein	
  whereas	
  calnexin	
  is	
  a	
  

type	
  I	
  transmembrane	
  protein	
  that	
  spans	
  the	
  ER	
  membrane	
  and	
  cytoplasmic	
  

compartments	
   with	
   approximately	
   15%	
   of	
   the	
   protein	
   residing	
   in	
   the	
  

cytoplasm.	
  The	
  cytoplasmic	
   tail	
   (C-­‐tail)	
  of	
   calnexin	
   is	
  a	
  highly	
  acidic,	
  highly	
  

conserved	
  entity	
  in	
  mammalian	
  species	
  (85%	
  amino	
  acid	
  identity	
  with	
  40%	
  

conservation	
  of	
  the	
  non-­‐identical	
  amino	
  acid	
  residues	
  in	
  dog,	
  mouse,	
  rat	
  and	
  

human	
   calnexin).	
   The	
   functional	
   role	
   of	
   the	
   calnexin	
   C-­‐tail	
   has	
   only	
   been	
  

addressed	
   in	
   a	
   limited	
   number	
   of	
   studies.	
   One	
   study	
   proposed	
   that	
   the	
  

transmembrane	
   domain	
   and	
  C-­‐tail	
   of	
   calnexin	
  may	
   play	
   a	
   role	
   in	
   substrate	
  

folding	
  [1].	
  Additionally,	
  the	
  transmembrane	
  domain	
  and	
  C-­‐tail	
  have	
  an	
  effect	
  

on	
   specificity	
   for	
   folding	
   substrates,	
   determined	
   when	
   a	
   soluble	
   calnexin	
  

molecule	
   lacking	
   the	
   transmembrane	
   domain	
   and	
   cytoplasmic	
   tail	
   failed	
   to	
  

interact	
   with	
   the	
   folding	
   substrates	
   lymphocyte	
   tyrosine	
   kinase	
   (Ltk),	
   IgM	
  

heavy	
  chains	
  and	
  MHC	
  I	
  heavy	
  chain	
  protein	
  [2].	
  The	
  C-­‐tail	
  is	
  also	
  known	
  to	
  

be	
  modified	
  by	
  distinct	
  post-­‐translational	
  modifications	
  and	
  to	
  participate	
  in	
  

protein-­‐protein	
   interactions	
   including	
   an	
   interaction	
   with	
   select	
   ribosomal	
  

proteins	
  [3].	
  The	
  C-­‐tail	
  has	
  been	
  postulated	
  to	
  affect	
  Ca2+	
  oscillations	
  through	
  

phosphorylation-­‐dependent	
   interactions	
   with	
   SERCA	
   [4]	
   and	
  

phosphorylation	
   of	
   the	
   C-­‐tail	
   has	
   also	
   been	
   shown	
   to	
   affect	
   protein	
  

interactions	
   such	
   as	
   the	
   interaction	
  with	
   ribosomal	
   proteins	
   as	
  well	
   as	
   the	
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secretion	
   of	
   a	
   known	
   calnexin	
   substrate	
   [3-­‐5].	
   Many	
   of	
   the	
   studies	
   on	
   the	
  

calnexin	
   C-­‐tail	
   are	
   recent	
   and	
   very	
   little	
   was	
   known	
   about	
   the	
   functional	
  

contributions	
   of	
   the	
   C-­‐tail	
   at	
   the	
   beginning	
   of	
   my	
   thesis	
   work.	
   The	
   C-­‐tail	
  

contains	
  two	
  juxtamembrane	
  cysteines,	
  predicted	
  as	
  an	
  S-­‐palmitoylation	
  site	
  

in	
   a	
   large	
   scale	
   profile	
   of	
   protein	
   palmitoylation	
   [6].	
   As	
   well,	
   the	
   C-­‐tail	
  

contains	
   a	
   DXXD	
   caspase	
   target	
   site	
   that	
   is	
   cleaved	
   following	
   apoptotic	
  

stimuli	
   [7].	
   Together,	
   these	
   post-­‐translational	
   modifications	
   highlight	
   the	
  

cytoplasmic	
   tail	
   as	
   a	
   modifiable	
   signaling	
   entity	
   that	
   impacts	
   on	
   calnexin	
  

function.	
  

SUMOylation	
  is	
  a	
  post-­‐translational	
  modification	
  that	
  ultimately	
  alters	
  

protein-­‐protein	
   interactions,	
   protein	
   activity,	
   stability	
   or	
   localization.	
   The	
  

SUMOylation	
   machinery	
   consists	
   of	
   the	
   heterodimer	
   SAE1/SAE2	
   E1	
  

activating	
  enzyme	
  and	
  the	
  SUMO-­‐conjugating	
  enzyme,	
  the	
  E2	
  ligase	
  UBC9	
  [8].	
  

In	
   contrast	
   to	
   the	
   over	
   600	
   known	
   ubiquitin	
   E3	
   ligases	
   [9],	
   only	
   a	
   limited	
  

number	
  of	
  SUMO	
  E3	
  ligases	
  have	
  been	
  identified.	
  For	
  SUMO	
  modification	
  of	
  

proteins	
   a	
   di-­‐glycine	
   motif	
   must	
   be	
   exposed	
   allowing	
   the	
   conjugation	
   of	
  

SUMO	
  to	
  lysine	
  residues	
  within	
  the	
  consensus	
  motif	
  ψKxE	
  (where	
  ψ	
  is	
  a	
  large	
  

hydrophobic	
  residue)	
  [10,	
  11].	
  SUMO	
  conjugation	
  has	
  diverse	
  consequences	
  

depending	
   on	
   the	
   target	
   substrate	
   and	
   cellular	
   location	
   of	
   modification	
   as	
  

well	
  as	
  the	
  conditions	
  under	
  which	
  SUMOylation	
  takes	
  place	
  [12].	
  	
  	
  

Here	
   we	
   examined	
   protein	
   partners	
   of	
   the	
   calnexin	
   C-­‐tail	
   by	
   using	
  

yeast-­‐2-­‐hybrid	
   system	
   with	
   the	
   C-­‐tail	
   as	
   bait.	
   We	
   identified	
   several	
   C-­‐tail	
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interacting	
   proteins	
   including	
   UBC9,	
   the	
   SUMOylation	
   E2	
   ligase.	
   Using	
  

several	
   biochemical,	
   cell	
   biological	
   and	
   biophysical	
   techniques	
   we	
   showed	
  

that	
   UBC9	
   interacts	
   with	
   C-­‐tail	
   of	
   calnexin.	
   Importantly,	
   the	
   calnexin	
  

cytoplasmic	
   domain	
   can	
   be	
   SUMOylated	
   in	
   vitro	
   and	
   in	
   vivo	
   in	
  mammalian	
  

systems.	
   To	
   our	
   knowledge,	
   this	
   is	
   the	
   first	
   report	
   of	
   a	
   SUMO	
  modified	
   ER	
  

resident	
   chaperone.	
  Via	
   interaction	
  with	
   the	
   calnexin	
  C-­‐tail,	
  UBC9	
  might	
  be	
  

sequestered	
   at	
   the	
   ER	
   membrane	
   and	
   it	
   might	
   assist	
   in	
   SUMOylation	
   of	
  

intracellular	
  substrates.	
  This	
  study	
  investigates	
  the	
  nature	
  of	
  the	
  C-­‐tail/UBC9	
  

interaction	
  and	
  UBC9’s	
  association	
  with	
  ER	
  membranes.	
  



	
  

138	
  
 

Material	
  and	
  Methods	
  	
  

Yeast-­‐2-­‐Hybrid	
  

	
  The	
   mouse	
   brain	
   Matchmaker	
   cDNA	
   library	
   in	
   pACT2	
   (Clontech,	
   638841)	
  

was	
   transformed	
   into	
   yeast	
   strain	
   AH109.	
   The	
   library	
   was	
   screened	
   for	
  

interacting	
   proteins	
  with	
   the	
   C-­‐terminal	
   cytoplasmic	
   region	
   of	
   calnexin	
   (C-­‐

tail)	
   corresponding	
   to	
   the	
   last	
   88	
   amino	
   acids	
   (C484-­‐E571)	
   (Fig.	
   1A).	
   cDNA	
  

encoding	
  the	
  C-­‐tail	
  of	
  calnexin	
  was	
  obtained	
  by	
  PCR	
  amplification	
  of	
  a	
  mouse	
  

calnexin	
   template	
  cDNA	
  using	
   the	
   following	
  primers:	
   the	
  5’	
   forward	
  primer	
  

5’-­‐GGA	
  ATT	
  CCA	
  TAT	
  GTG	
  TTC	
  TGG	
  AAA	
  GAA	
  AC-­‐3’	
  and	
  the	
  3’	
  reverse	
  primer	
  

5’-­‐AAG	
   GTT	
   CTG	
   CAG	
   TCA	
   CTC	
   TCT	
   TCG	
   TGG	
   CT-­‐3’.	
   The	
   PCR	
   product	
  was	
  

cloned	
   in	
   frame	
   with	
   the	
   GAL4	
   DNA-­‐binding	
   domain	
   at	
   NdeI	
   and	
   PstI	
  

restriction	
  sites	
  to	
  generate	
  the	
  clone	
  pGBKT7-­‐CNX-­‐C.	
  Screening	
  of	
  the	
  mouse	
  

library	
   was	
   carried	
   out	
   as	
   recommended	
   by	
   the	
   manufacturer	
   (Clontech).	
  

The	
  C-­‐tail	
  (C486-­‐E573)	
  from	
  a	
  canine	
  calnexin	
  template	
  was	
  also	
  used	
  as	
  bait	
  to	
  

screen	
   a	
   human	
   leukemia	
   (Jurkat	
   T	
   cell)	
   Matchmaker	
   cDNA	
   library	
  

(Clontech).	
   Plasmid	
   DNA	
   from	
   positive	
   clones	
   was	
   isolated	
   and	
   used	
   as	
   a	
  

template	
   for	
   amplification	
   of	
   the	
   insert	
   in	
   the	
   library	
   vector	
   by	
   the	
   AD	
  

(activating	
   domain)	
   sequencing	
   primer	
   and	
   the	
   T7	
   yeast-­‐2-­‐hybrid	
  

sequencing	
  primer.	
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Expression	
   and	
   Purification	
   of	
   Recombinant	
   Calnexin	
   Domains,	
   UBC9	
   and	
   in	
  

vitro	
  SUMOylation	
  

	
  cDNA	
  encoding	
  the	
  C-­‐tail	
  of	
  calnexin	
  (amino	
  acids	
  486-­‐573)	
  was	
  generated	
  

by	
  PCR-­‐driven	
  amplification	
  of	
  a	
  canine	
  calnexin	
  in	
  a	
  Bluescript	
  plasmid	
  DNA	
  

construct.	
   The	
   following	
   DNA	
   primers	
  were	
   used:	
   forward	
   primer,	
   5'-­‐	
   CAT	
  

GCC	
  ATG	
  GCT	
  GGA	
  AAG	
  AAA	
  CAG	
  TCAAG	
  -­‐3',	
  and	
  reverse	
  primer,	
  5'-­‐	
  GCT	
  CTA	
  

GAC	
  ACT	
  CTC	
  TTC	
  GTG	
  GCT	
  TTC	
  -­‐3'.	
  The	
  cDNA	
  product	
  was	
  cloned	
  into	
  the	
  

NcoI	
  and	
  XbaI	
  sites	
  of	
  pBAD/gIII	
  E.	
  coli	
  expression	
  vector	
  yielding	
  a	
  plasmid	
  

encoding	
  the	
  C-­‐tail	
  of	
  calnexin	
  and	
  designated	
  pBAD-­‐Ctail.	
  C-­‐tail.	
  Top	
  10	
  F’	
  E.	
  

coli	
   transformed	
  with	
   calnexin	
   native	
   and	
  mutant	
   C-­‐tail	
   expression	
   vectors	
  

were	
  grown	
  in	
  TB	
  medium	
  containing	
  13.5	
  g	
  bacto-­‐tryptone,	
  26.5	
  g	
  yeast,	
  60	
  

mM	
   glycerol	
   per	
   liter	
   deionized	
   water	
   with	
   286.2	
   µM	
   ampicillin.	
   Cultures	
  

were	
   grown	
   to	
   the	
   midlog	
   phase	
   followed	
   by	
   induction	
   of	
   recombinant	
  

protein	
  expression	
  with	
  0.02%	
  L-­‐arabinose	
  induction	
  for	
  4	
  hours.	
  Cells	
  were	
  

spun	
  down	
  at	
  6,000	
  xg	
  for	
  15	
  min	
  and	
  the	
  pellet	
  re-­‐suspended	
  in	
  lysis	
  buffer	
  

containing	
  600	
  mM	
  NaCl,	
  50	
  mM	
  Tris,	
  pH	
  8.0,	
  10%	
  Glycerol,	
  0.1%	
  Triton	
  X-­‐

100	
   and	
   lysed	
   with	
   a	
   French	
   Press	
   set	
   at	
   1000	
   p.s.i.,	
   followed	
   by	
  

centrifugation	
  at	
  12,000	
  x	
  g	
  for	
  10	
  min.	
  His-­‐tagged	
  proteins	
  were	
  purified	
  on	
  

a	
   Ni2+-­‐nitriloacetic	
   acid-­‐agarose	
   affinity	
   column.	
   Lysates	
   were	
   mixed	
   with	
  

Ni2+-­‐nitriloacetic	
  acid-­‐agarose	
  beads	
  equilibrated	
  in	
  column	
  buffer	
  containing	
  

600	
  mM	
  NaCl,	
  50	
  mM	
  Tris,	
  pH	
  8.0,	
  20	
  mM	
  Imidazole	
  and	
  washed	
  with	
  wash	
  

buffer	
  containing	
  50	
  mM	
  Tris,	
  20mM	
  Imidazole	
  pH	
  8.0,	
  then	
  eluted	
  from	
  the	
  

beads	
  with	
  elution	
  buffer	
  containing	
  250	
  mM	
  Imidazole,	
  50	
  mM	
  Tris	
  pH	
  8.0.	
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Recombinant	
  proteins	
  were	
  concentrated	
  by	
  a	
  centrifugal	
  filter	
  (Biomax	
  30K	
  

NMWL	
   membrane;	
   Millipore),	
   and	
   proteins	
   were	
   dissolved	
   in	
   a	
   buffer	
  

containing	
   10	
   mM	
   Tris,	
   pH	
   7.0,	
   and	
   1	
   mM	
   EDTA.	
   For	
   purification	
   of	
   15N	
  

labeled	
  C-­‐tail	
  for	
  NMR	
  spectroscopy,	
  the	
  following	
  modifications	
  to	
  the	
  above	
  

protocol	
  were	
  made.	
  E.	
  coli	
  culture	
  (2	
  L)	
  was	
  spun	
  at	
  6000	
  xg	
  and	
  the	
  pellet	
  

re-­‐suspended	
   in	
   1	
   L	
   minimal	
   media	
   containing	
   100	
   mM	
   NaH2PO4,	
   35	
   mM	
  

K2HPO4	
  pH	
  7.3	
  with	
  10	
  ml	
  1M	
  MgSO4,	
  1.8	
  ml	
  1	
  mM	
  FeSO4	
  and	
  incubated	
  for	
  

30	
  min.	
  One	
  gram	
  of	
  15N	
  NH4Cl	
  dissolved	
  in	
  4	
  ml	
  of	
  ddH2O	
  was	
  added	
  with	
  in	
  

duction	
   of	
   protein	
   expression.	
   Samples	
   were	
   further	
   purified	
   on	
   FPLC,	
  

followed	
   by	
   10-­‐50K	
   MWCO	
   size	
   exclusion	
   filters.	
   Purified	
   protein	
   was	
  

solubilized	
   in	
   10	
   mM	
   ammonium	
   bicarbonate.	
   Recombinant	
   human	
   UBC9	
  

encoded	
   by	
   the	
   pET28b	
   vector	
   was	
   expressed	
   in	
   BL21	
   E.	
   coli	
   cells	
   and	
  

purified	
   [13].	
   Protein	
   concentrations	
   were	
   estimated	
   using	
   near	
   UV	
  

absorbance	
  (280	
  nm).	
  	
  

Plasmids	
  and	
  Mutagenesis	
  	
  

GFP-­‐SUMO-­‐1	
   expression	
   vector	
   was	
   a	
   kind	
   gift	
   from	
   Gianni	
   Del	
   Sal,	
  

Consortium	
   for	
   Biotechnology	
   National	
   Laboratory,	
   Trieste,	
   Italy.	
   Human	
  

UBC9	
   expression	
   plasmid	
  was	
   a	
   kind	
   gift	
   from	
  Christopher	
  D.	
   Lima,	
   Sloan-­‐

Kettering	
  Institute,	
  New	
  York,	
  NY	
  [13].	
  cDNA	
  encoding	
  canine	
  calnexin	
  C-­‐tail	
  

(amino	
  acid	
  residues	
  486-­‐573)	
  (see	
  above)	
  was	
  used	
  with	
  QuikChange	
  Site-­‐

Directed	
  Mutagenesis	
  (Stratagene)	
  to	
  mutate	
  lysine	
  506	
  to	
  an	
  alanine	
  residue	
  

(primers;	
  5’-­‐CCT	
  CAG	
  CCA	
  GAT	
  GTG	
  GCG	
  GAG	
  GAG	
  GAA	
  GAA	
  GAA	
  AAG	
  G-­‐3’	
  

and	
   5’-­‐	
   CCT	
   TTT	
   CTT	
   CTT	
   CCT	
   CCT	
   CCG	
   CCA	
   CAT	
   CTG	
   GCT	
   GAG	
   G-­‐3’).	
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Mutations	
  were	
  confirmed	
  with	
  DNA	
  sequencing.	
  Purified	
  C-­‐tail	
  protein	
  and	
  

the	
   C-­‐tail	
   SUMOylation	
  mutant	
   were	
   used	
  with	
   an	
   in	
   vitro	
   sumoylation	
   kit	
  

(Vaxron)	
  as	
  per	
  the	
  manufacturer’s	
  protocol.	
  

NMR	
  Spectroscopy	
  

The	
   [15N]	
   labelled	
   C-­‐tail	
   and	
   UBC9	
   samples	
   were	
   flash	
   frozen	
   with	
   liquid	
  

nitrogen,	
   lyophilised,	
   and	
   dissolved	
   in	
   the	
   standard	
  NMR	
   buffer	
   containing	
  

100	
   mM	
   KCl	
   and	
   10	
   mM	
   imidazole.	
   Deuterated	
   DSS	
   (4,4-­‐dimethyl-­‐4-­‐

silapentane-­‐1-­‐sulfonic	
  acid)	
  was	
  added	
   for	
  referencing.	
  A	
  1D	
  1H	
  and	
  2D	
  1H-­‐

15N	
   HSQC	
   NMR	
   spectra	
   was	
   obtained	
   for	
   the	
   C-­‐tail	
   alone.	
   Unlabelled	
  

recombinant	
  UBC9	
  (1.2	
  mg)	
  was	
  added	
  to	
  the	
  C-­‐tail	
  and	
  2	
  µl	
  of	
  1	
  M	
  HCl	
  was	
  

added	
   to	
   adjust	
   the	
   pH	
   to	
   6.79	
   according	
   to	
   the	
   chemical	
   shift	
   of	
   the	
  

imidazole	
  protons.	
  A	
  1D	
  1H	
  and	
  2D	
  1H-­‐15N	
  HSQC	
  NMR	
  spectra	
  were	
  acquired.	
  

Three	
  µl	
  of	
  1	
  M	
  CaCl2	
  was	
  added	
  to	
  the	
  NMR	
  sample,	
  to	
  ensure	
  that	
  Ca2+	
  is	
  not	
  

a	
  requirement	
  for	
  binding.	
  A	
  1D	
  1H	
  and	
  2D	
  1H-­‐15N	
  HSQC	
  NMR	
  spectra	
  were	
  

acquired.	
  (NB.	
  no	
  EDTA	
  was	
  present	
  in	
  the	
  sample	
  at	
  any	
  time)	
  

Cell	
  Lines,	
  Cell	
  Culture,	
  Transfection	
  and	
  RNAi	
  

Mouse	
  fibroblasts	
  were	
  derived	
  from	
  day	
  7	
  wild-­‐type	
  and	
  calnexin-­‐deficient	
  

mice	
  and	
  were	
   immortalized	
  as	
  described	
  previously	
   [14].	
  Sumo-­‐1-­‐/-­‐	
  mouse	
  

embryonic	
  fibroblasts	
  (MEFs)	
  were	
  a	
  kind	
  gift	
  from	
  Olli	
  A.	
  Jänne,	
  University	
  

of	
   Helsinki,	
   Finland	
   [15].	
   Cells	
   were	
   maintained	
   in	
   Dulbecco's	
   Modified	
  

Eagle's	
  Medium	
  (Sigma)	
  supplemented	
  with	
  10%	
  fetal	
  bovine	
  serum	
  (Sigma)	
  

and	
   1%	
   penicillin/streptomycin	
   (Gibco)	
   at	
   37°C	
   with	
   5%	
   CO2.	
   The	
   Neon	
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Transfection	
  System	
  (Invitrogen)	
  was	
  used	
  for	
  electroporation	
  of	
  cells	
  as	
  per	
  

the	
  manufacturer’s	
  protocol	
  with	
  the	
  following	
  settings:	
  wt	
  and	
  cnx-­‐/-­‐	
  mouse	
  

fibroblasts	
  were	
  electroporated	
  with	
  a	
  pulse	
  voltage	
  of	
  1500v,	
  a	
  pulse	
  width	
  

of	
   20	
  ms	
   and	
   a	
   pulse	
   number	
   of	
   1,	
   HeLa	
   cells	
   were	
   electroporated	
  with	
   a	
  

pulse	
  voltage	
  of	
  1005v,	
  a	
  pulse	
  width	
  of	
  35	
  ms	
  and	
  a	
  pulse	
  number	
  of	
  2	
  and	
  

NIH	
   3T3	
   cells	
   were	
   electroporated	
   with	
   a	
   pulse	
   voltage	
   of	
   1200V,	
   a	
   pulse	
  

width	
  of	
  20,	
  and	
  a	
  pulse	
  number	
  of	
  3.	
  For	
  RNAi	
  experiments	
  UBC9	
  sense	
  and	
  

antisense	
  strands	
  were	
  derived	
  from	
  a	
  NIH	
  3T3	
  cDNA	
  library	
  and	
  cloned	
  into	
  

XhoI	
  and	
  HindIII	
  sites	
  of	
  pcDNA	
  3.1	
  vector	
  using	
  the	
  following	
  primers	
  (XhoI	
  

5’-­‐ATG	
  CCT	
  CGA	
  GAT	
  GTC	
  GGG	
  GAT	
  C-­‐3’;	
  HindIII	
  5’-­‐ATG	
  CAA	
  GCC	
  TTT	
  ATG	
  

AGG	
   GGG	
   C-­‐3’).	
   	
   The	
   plasmids	
   encoding	
   UBC9	
   sense	
   and	
   anti-­‐sense	
   were	
  

transfected	
   into	
   NIH	
   3T3	
   cells	
   using	
   the	
   Neon	
   electroporation	
   system	
  

(Invitrogen)	
  as	
  per	
  the	
  manufacturer’s	
  protocol.	
  

Isolation	
  of	
  Microsomal	
  Membranes	
  

Microsomes	
  were	
   isolated	
   from	
  HeLa	
   cells	
   grown	
   to	
   80-­‐90%	
   confluency.	
   A	
  

protease	
  inhibitor	
  cocktail	
  (0.5	
  mM	
  PMSF,	
  0.5	
  mM	
  benzamidine,	
  0.05	
  µg/ml	
  

aproprotin,	
   0.025	
   µg/ml	
   phosphormidone,	
   0.05	
   µg/ml	
   TLCK,	
   0.05	
   µg/ml	
  

APMSF,	
  0.05	
  µg/ml	
  E-­‐64,	
  0.025	
  µg/ml	
   leupeptin	
  and	
  0.01	
  µg/ml	
  pepstatin)	
  

[16])	
   and	
   de-­‐sumoylation	
   inhibitor	
   cocktail	
   [800	
   µM	
   N-­‐ethyl	
   maleimide	
  

(NEM)	
  and	
  200	
  µM	
  iodoacetamide	
  (IAA)]	
  were	
   included	
   in	
  all	
  buffers.	
  Cells	
  

were	
  harvested,	
  spun	
  at	
  1000	
  xg	
  for	
  3	
  min	
  at	
  4°C,	
  re-­‐suspended	
  in	
  20	
  ml	
  PBS	
  

followed	
   by	
   transfer	
   to	
   low	
   ionic	
   strength	
   (LIS)	
   Buffer	
   containing	
   10	
   mM	
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Tris-­‐HCl,	
  pH	
  7.5,	
  0.5	
  mM	
  MgCl2	
   for	
  10	
  min.	
  Cells	
  were	
  homogenized	
  with	
  a	
  

Dounce	
  homogenizer	
   in	
  a	
  buffer	
  containing	
  0.5	
  M	
  Sucrose,	
  10	
  mM	
  Tris-­‐HCl,	
  

pH	
  7.5,	
  40	
  µM	
  CaCl2,	
  300	
  mM	
  KCl,	
  6.3	
  mM	
  β-­‐mercaptoethanol.	
  The	
  solution	
  

was	
  spun	
  at	
  8000	
  xg,	
  the	
  supernatant	
  layered	
  onto	
  1/5	
  volume	
  of	
  2.5	
  M	
  KCl,	
  

mixed	
  and	
  centrifuged	
  at	
  120,000	
  xg	
  for	
  1	
  hour	
  at	
  4°C.	
  The	
  pellet	
  containing	
  

the	
  microsomal	
  fraction	
  was	
  washed	
  and	
  re-­‐suspended	
  in	
  a	
  buffer	
  containing	
  

5	
  mM	
  Tris-­‐HCl,	
  pH	
  7.5,	
  20	
  µM	
  CaCl2,	
  and	
  150	
  mM	
  KCl.	
  	
  

Immunoprecipitation	
  and	
  Western	
  Blot	
  Analysis	
  

Mouse	
   fibroblast	
   or	
   HeLa	
   cells,	
   at	
   80%	
   confluency,	
   were	
   lysed	
   in	
   a	
   buffer	
  

containing	
  10	
  mM	
  Tris,	
  pH	
  8.0,	
  150	
  mM	
  NaCl,	
  1%	
  NP40,	
  1	
  mM	
  EDTA	
  pH	
  8.0,	
  

10%	
  glycerol,	
  with	
  the	
  protease/deSUMOylation	
  inhibitor	
  cocktail	
  or	
  in	
  RIPA	
  

buffer	
   containing	
   50	
   mM	
   Tris,	
   pH,	
   7.0,	
   150	
   mM	
   NaCl,	
   1	
   mM	
   EGTA,	
   1	
   mM	
  

EDTA,	
   1%	
   Triton	
   X-­‐100,	
   0.1%	
   SDS,	
   0.5%	
   sodium	
   deoxycholate	
   with	
   the	
  

protease/deSUMOylation	
   inhibitor	
   cocktail.	
   After	
   30	
  min	
   incubation	
   on	
   ice,	
  

the	
   lysed	
   cells	
  were	
   spun	
  at	
   15,000	
   xg	
   for	
  15	
  min.	
   at	
   4°C.	
  The	
   supernatant	
  

was	
  pre-­‐cleared	
  with	
  Protein	
  A	
  or	
  a	
  50%	
  Protein	
  A/Protein	
  G	
  (for	
  anti-­‐GFP	
  

antibodies)	
   bead	
   slurry	
   for	
   1	
   hour	
   at	
   4°C	
   with	
   rotation	
   after	
   which	
   the	
  

primary	
  antibodies	
  were	
  added	
  to	
  the	
  supernatant	
   for	
  overnight	
   incubation	
  

at	
  4°C	
  with	
  rotation.	
  Protein	
  A	
  or	
  a	
  50%	
  Protein	
  A/Protein	
  G	
  bead	
  slurry	
  was	
  

added	
  for	
  4-­‐5	
  hours	
  at	
  4°C	
  with	
  rotation.	
  The	
  beads	
  were	
  spun	
  down,	
  washed	
  

5	
   times	
   with	
   lysis	
   buffer,	
   and	
   re-­‐suspended	
   in	
   SDS-­‐PAGE	
   sample	
   buffer	
  

containing	
  10%	
  glycerol,	
  1%	
  β-­‐mercaptoethanol,	
  2%	
  SDS,	
  0.065	
  M	
  Tris,	
  pH	
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6.8,	
  0.01	
  w/v	
  bromophenol	
  blue	
  for	
  analysis.	
  Proteins	
  were	
  separated	
  on	
  6%	
  

-­‐	
   10%	
   acrylamide	
   SDS-­‐PAGE	
   gels	
   and	
   transferred	
   onto	
   nitrocellulose	
   for	
  

subsequent	
  Western	
  blotting.	
  Two	
  polyclonal	
  rabbit	
  anti-­‐calnexin	
  antibodies	
  

were	
  used:	
   SPA-­‐860	
   (Enzo	
  Life	
  Sciences)	
   raised	
  against	
   a	
   synthetic	
  peptide	
  

corresponding	
  to	
  the	
  C-­‐terminus	
  of	
  calnexin	
  (amino	
  acid	
  residues	
  575–593)	
  

and	
  SPA-­‐865	
  (Enzo	
  Life	
  Sciences)	
  raised	
  against	
  a	
  synthetic	
  peptide	
  near	
  the	
  

N	
   terminus.	
   Antibodies	
   were	
   used	
   at	
   1:1000	
   and	
   1:500	
   dilutions,	
  

respectively.	
   Other	
   antibodies	
   used	
   included	
   anti-­‐UBC9	
   (Abgent),	
   1:200	
  

dilution,	
   anti-­‐SUMO-­‐1	
   (Sigma),	
   1:200	
   dilution,	
   anti-­‐GFP	
   (Abcam),	
   1:10,000	
  

dilution,	
   and	
   anti-­‐GAPDH	
   (Abcam),	
   1:1000	
   dilution.	
   Any	
   re-­‐probed	
  

immunoblots	
  were	
  first	
  stripped	
  with	
  a	
  stripping	
  buffer	
  containing	
  1%	
  SDS,	
  

100	
  mM	
  β-­‐mercaptoethanol,	
  and	
  50	
  mM	
  Tris-­‐HCl,	
  pH	
  6.8,	
  and	
  washed	
  several	
  

times	
  with	
  PBS	
  before	
  incubation	
  with	
  a	
  primary	
  antibody.	
  

Cellular	
  Fractionation	
  

Fractionation	
  protocols	
  were	
  carried	
  out	
  using	
  the	
  Opti-­‐prep	
  (Sigma)	
  system.	
  

Wild-­‐type	
  or	
  cnx-­‐/-­‐	
  mouse	
  fibroblasts	
  were	
  washed	
  twice	
  with	
  PBS,	
   then	
  re-­‐

suspended	
   in	
   homogenization	
  buffer	
   containing	
  10	
  mM	
  Hepes,	
   pH	
  7.4,	
   250	
  

mM	
  sucrose,	
  1	
  mM	
  EDTA,	
  1	
  mM	
  EGTA	
  with	
   the	
  protease	
   inhibitor	
   cocktail.	
  

Cells	
  were	
   lysed	
  via	
  25	
  passes	
   through	
  an	
  18	
  micron	
  clearance	
  ball	
  bearing	
  

homogenizer	
   (Isobiotec),	
  and	
   then	
  centrifuged	
  at	
  800	
  x	
  g	
   for	
  10	
  minutes	
  at	
  

4°C	
   to	
  remove	
  nuclei	
  and	
  cellular	
  debris.	
  The	
  homogenate	
  supernatant	
  was	
  

layered	
  onto	
  an	
  eight-­‐step	
  gradient	
  of	
  25%,	
  22%,	
  19%,	
  16%,	
  13%,	
  10%,	
  7%,	
  

and	
  4%	
  (%	
  iodoxanol)	
  dilutions	
  of	
  Opti-­‐prep	
  in	
  homogenization	
  buffer.	
  The	
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gradient	
  was	
   centrifuged	
   in	
   a	
   Beckman	
   Sw50.1	
   rotor	
   for	
   3	
   hours	
   at	
   4°C	
   at	
  

150,000	
   xg.	
   Twelve	
   fractions	
  were	
   harvested	
   from	
   the	
   top	
   of	
   the	
   gradient,	
  

followed	
   by	
   acetone	
   precipitation	
   of	
   proteins.	
   Acetone	
   precipitated	
   protein	
  

fractions	
   were	
   washed	
   in	
   100%	
   EtOH,	
   re-­‐suspended	
   in	
   SDS-­‐PAGE	
   sample	
  

buffer	
  followed	
  by	
  SDS-­‐PAGE	
  and	
  Western	
  blot	
  analysis.	
  	
  

Miscellaneous	
  

Unless	
  otherwise	
  stated,	
  protein	
  concentration	
  was	
  estimated	
  using	
  a	
  BioRad	
  

DC	
  Protein	
  assay	
  [17].	
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Results	
  

Components	
  of	
  the	
  SUMOylation	
  Machinery	
  Interact	
  with	
  the	
  Calnexin	
  C-­‐tail	
  	
  

The	
   major	
   structural	
   difference	
   between	
   the	
   quality	
   control	
  

chaperones	
   calreticulin	
   and	
   calnexin	
   is	
   the	
   presence	
   of	
   calnexin’s	
  

transmembrane	
   domain	
   and	
   cytoplasmic	
   tail	
   (C-­‐tail)	
   (Figure	
   4.1).	
   To	
   date,	
  

only	
   limited	
   studies	
   have	
   addressed	
   the	
   function	
   of	
   the	
   calnexin	
   C-­‐tail.	
   To	
  

gain	
   insight	
   into	
   function	
   of	
   calnexin	
   cytoplasmic	
   domain	
   (C-­‐tail)	
   we	
   used	
  

yeast-­‐2-­‐hybrid	
   techniques	
   to	
   identify	
   proteins	
   that	
   interact	
   with	
   the	
   C-­‐tail	
  

domain	
  of	
  calnexin.	
  Screening	
  a	
  mouse	
  brain	
  cDNA	
  library	
  with	
  the	
  88	
  amino	
  

acid	
   mus	
   musculus	
   calnexin	
   C-­‐tail	
   (C484-­‐E571)	
   as	
   bait	
   identified	
   9	
   positive	
  

clones.	
   One	
   of	
   these	
   clones	
   encoded	
   UBC9,	
   an	
   E2	
   SUMOylation	
   ligase.	
   A	
  

second	
   independent	
   yeast-­‐2-­‐hybrid	
   screen	
   of	
   a	
   human	
   T	
   cell	
   leukemia	
  

(JURKAT)	
  library	
  with	
  calnexin	
  C-­‐tail	
  (C486-­‐E573)	
  as	
  bait	
  identified	
  10	
  putative	
  

clones,	
   including	
   UBC9.	
   To	
   confirm	
   the	
   UBC9/C-­‐tail	
   interaction	
   identified	
  

from	
   the	
   yeast-­‐2-­‐hybrid	
   screens	
   and	
   to	
   investigate	
   if	
   endogenous	
   UBC9	
  

interacts	
   with	
   calnexin	
   in	
   vivo,	
   we	
   used	
   immunoprecipitation	
   techniques.	
  

Wild-­‐type	
   and	
   calnexin-­‐deficient	
   (negative	
   control)	
   cells	
   were	
   used	
   for	
  

immunoprecipitation	
  with	
  anti-­‐calnexin	
  antibodies	
  followed	
  by	
  Western	
  blot	
  

analysis	
   with	
   anti-­‐calnexin	
   and	
   anti-­‐UBC9	
   antibodies	
   (Figure	
   4.2).	
   	
   As	
  

expected,	
   calnexin	
   could	
   be	
   efficiently	
   immunoprecipitated	
   from	
   wild-­‐type	
  

cells	
   but	
   not	
   from	
   calnexin-­‐deficient	
   cells	
   (Figure	
   4.2).	
   Most	
   importantly,	
  

Western	
  blotting	
  techniques	
  with	
  antibodies	
  against	
  both	
  calnexin	
  and	
  UBC9	
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Figure	
  4.1.	
  The	
  calnexin	
  cytoplasmic	
  tail.	
  

Calnexin	
   can	
  be	
  divided	
   into	
   functionally	
  and	
  structurally	
  distinct	
  domains:	
  
the	
   N+P	
   luminal	
   domain,	
   the	
   transmembrane	
   domain,	
   and	
   the	
   cytoplasmic	
  
domain.	
  The	
  amino	
  acid	
  sequence	
  of	
  mammalian	
  calnexin,	
  including	
  the	
  C-­‐tail	
  
is	
   highly	
   conserved.	
   Depicted	
   in	
   the	
   figure	
   is	
   the	
   amino	
   acid	
   sequence	
   of	
  
canine	
   calnexin.	
   The	
   cytoplasmic	
   domain	
   is	
   the	
   site	
   of	
   several	
   post-­‐
translational	
   modifications	
   including	
   palmitoylation	
   and	
   phosphorylation.	
  
The	
   juxtamembrane	
   cysteine	
   residues	
   (depicted	
   as	
   yellow	
   C’s)	
   are	
  
palmitoylated.	
   Serine	
   residues	
   535	
   and	
   545	
   (S535	
   and	
   S545)	
   are	
  
phosphorylated	
   by	
   casein	
   kinase	
   II	
   (CKII)	
   and	
   phosphorylation	
   of	
   these	
  
residues	
  blocks	
   interaction	
  with	
  phosphorin	
  acidic	
  cluster	
  sorting	
  protein	
  2	
  
(PACS-­‐2),	
   an	
   interaction	
   that	
   sequesters	
   calnexin	
   preferentially	
   to	
  
mitochondrial	
   associated	
   membranes.	
   Serine	
   residue	
   564	
   (S564)	
   is	
  
phosphorylated	
   by	
   extracellular	
   regulated	
   kinase-­‐1	
   (ERK-­‐1)	
   and	
  
dephosphorylated	
   by	
   calcineurin	
   (Cn).	
   Phosphorylation	
   of	
   this	
   residue	
  
prolongs	
   association	
   with	
   misfolded	
   glycoprotein	
   α1	
   antitrypsin	
   (AAT).	
  
Phosphorylation	
  of	
   S564	
   also	
   enhances	
   the	
   association	
  of	
   the	
  C-­‐tail	
  with	
   the	
  
ribosome	
  (and	
  ribosomal	
  protein	
  L4)	
  and	
  promotes	
  an	
  inhibitory	
  interaction	
  
with	
  SERCA2b	
  that	
  is	
  released	
  upon	
  de-­‐phosphorylation	
  by	
  Cn.	
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Figure	
  4.2.	
  UBC9	
  co-­‐immunoprecipitates	
  with	
  calnexin.	
  

Wild-­‐type	
   (wt)	
   and	
   calnexin-­‐deficient	
   (cnx-­‐/-­‐)	
   (control)	
   mouse	
   fibroblast	
  
lysates	
  were	
  used	
  for	
  immunoprecipitation	
  (IP)	
  with	
  anti-­‐calnexin	
  antibodies	
  
followed	
   by	
   Western	
   blot	
   (WB)	
   analysis	
   with	
   anti-­‐calnexin	
   (CNX)	
   or	
   anti-­‐
UBC9	
  antibodies.	
  Western	
  blot	
  (WB)	
  analysis	
  indicates	
  that	
  UBC9	
  can	
  be	
  co-­‐
immunoprecipitated	
   with	
   calnexin	
   in	
   wild-­‐type	
   cells.	
   A	
   representative	
  
Western	
  blot	
  of	
  3	
  independent	
  experiments	
  is	
  shown.	
  The	
  initial	
  interaction	
  
of	
  UBC9	
  with	
   the	
  CNX	
  C-­‐tail	
  was	
   identified	
  by	
   yeast-­‐2-­‐hybrid	
   analysis	
  with	
  
the	
  C-­‐tail	
  as	
  bait	
  and	
  was	
  carried	
  out	
  by	
  Hao-­‐Dong	
  Li	
  and	
  Robert	
  Evans.	
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revealed	
   that	
   calnexin	
   co-­‐immunoprecipitated	
   with	
   UBC9	
   in	
   wild-­‐type	
  

fibroblasts	
   (Figure	
   4.2).	
   We	
   concluded	
   that	
   calnexin	
   and	
   UBC9	
   form	
  

complexes	
  in	
  vivo	
  in	
  cell	
  culture.	
  

UBC9	
   is	
   known	
   to	
   distribute	
   in	
   the	
   nucleus,	
   nuclear	
   envelope	
   and	
  

cytoplasm	
  [18].	
  We	
  used	
  confocal	
  microscopy	
  to	
  examine	
  the	
  co-­‐distribution	
  

of	
   UBC9	
   and	
   calnexin	
   in	
   wild-­‐type	
   fibroblasts.	
   UBC9	
   (Figure	
   4.3A)	
   and	
  

calnexin	
  (Figure	
  4.3B)	
  immunostaining	
  can	
  be	
  found	
  in	
  the	
  nuclear	
  envelope	
  

and	
  some	
  colocalization	
  is	
  visible	
  at	
  the	
  ER	
  (Figure	
  4.3C).	
  This	
  was	
  quantified	
  

and	
  UBC9	
  and	
  calnexin	
  have	
  an	
  average	
  thresholded	
  Pearson’s	
  colocalization	
  

coefficient	
   of	
   0.558+/-­‐SE	
   0.060.	
   This	
   indicates	
   some	
   but	
   not	
   complete	
  

colocalization,	
   consistent	
   with	
   UBC9	
   localization	
   in	
   the	
   nucleus	
   and	
  

throughout	
   the	
   cytoplasm.	
   Based	
   on	
   the	
   yeast-­‐2-­‐hybrid	
   screening	
   of	
   two	
  

independent	
   libraries,	
   the	
   co-­‐immunoprecipitation	
   of	
   calnexin	
   and	
   UBC9	
  

(Figure	
  4.2)	
  and	
  the	
  co-­‐localization	
  data	
  (Figure	
  4.3),	
  we	
  concluded	
  that	
  the	
  

C-­‐tail	
  and	
  UBC9	
  form	
  complexes.	
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Figure	
  4.3.	
  The	
  cellular	
  distribution	
  of	
  UBC9.	
  

Confocal	
  microscopy	
  of	
  mouse	
  fibroblasts	
  with	
  immunostaining	
  for	
  UBC9	
  and	
  
calnexin	
  (CNX)	
  indicates	
  colocalization	
  of	
  UBC9	
  and	
  CNX.	
  UBC9	
  is	
  distributed	
  
throughout	
   the	
   cell	
   and	
   can	
   be	
   found	
   in	
   the	
   nucleus	
   and	
   cytoplasm,	
   with	
  
strong	
  localization	
  at	
  the	
  nuclear	
  envelope	
  (A).	
  Mouse	
  anti-­‐UBC9	
  antibodies	
  
were	
  used	
   at	
   a	
   1:100	
  dilution	
  with	
   rabbit	
   anti-­‐mouse	
  Alexa	
  488	
   secondary	
  
antibodies.	
   Anti-­‐rabbit	
   calnexin	
   antibodies	
   specific	
   to	
   the	
   C-­‐tail	
   of	
   calnexin	
  
were	
  used	
  at	
  a	
  1:100	
  dilution	
  with	
  a	
  mouse	
  anti-­‐rabbit	
  Texas	
  Red	
  secondary	
  
antibodies	
  (B).	
  Colocalization	
  between	
  UBC9	
  and	
  CNX	
  is	
  indicated	
  in	
  (C).	
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UBC9	
  Expression	
  in	
  the	
  Absence	
  of	
  Calnexin	
  	
  

Next	
  we	
  investigated	
  if	
  the	
  absence	
  of	
  calnexin	
  had	
  any	
  impact	
  on	
  the	
  

expression	
   of	
   UBC9.	
   Proteins	
   and	
   RNA	
   were	
   isolated	
   from	
   tissues	
   from	
  

calnexin-­‐deficient	
  [19]	
  and	
  wild-­‐type	
  mice	
  followed	
  by	
  semi-­‐quantitative	
  RT-­‐

PCR	
  (Figure	
  4.4A)	
  and	
  Western	
  blot	
  (Figure	
  4.4B)	
  analyses.	
  RT-­‐PCR	
  indicated	
  

that	
   UBC9	
   expression	
   is	
   modestly	
   elevated	
   in	
   brain,	
   liver,	
   and	
   kidney	
  

calnexin-­‐deficient	
   tissues.	
   However,	
   Western	
   blot	
   analysis	
   with	
   anti-­‐UBC9	
  

antibodies	
   shows	
   that	
   the	
   level	
   of	
   UBC9	
   protein	
   was	
   unchanged	
   in	
   a	
  

comprehensive	
   range	
   of	
   calnexin-­‐deficient	
   tissues	
   including	
   kidney,	
   brain,	
  

heart,	
   liver	
   and	
   skeletal	
  muscle	
   (Figure	
  4.4B).	
   The	
  mouse	
  UBC9	
   expression	
  

profile	
   is	
   consistent	
  with	
  analysis	
  of	
  UBC9	
  protein	
  expression	
   in	
   rat	
   tissues	
  

which	
   demonstrated	
   high	
   UBC9	
   expression	
   in	
   spleen	
   and	
   lung,	
   moderate	
  

expression	
  in	
  kidney	
  and	
  liver,	
  and	
  low	
  expression	
  in	
  brain	
  with	
  virtually	
  no	
  

expression	
  in	
  heart	
  and	
  skeletal	
  muscle	
  [20].	
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Figure	
  4.4.	
  UBC9	
  expression	
   levels	
   in	
   the	
  calnexin-­‐deficient	
  mouse	
  are	
  
similar	
  to	
  wild-­‐type.	
  	
  

(A)	
   Semi-­‐quantitative	
   RT-­‐PCR	
   indicates	
   that	
   UBC9	
   mRNA	
   levels	
   are	
   up-­‐
regulated	
   in	
   calnexin-­‐deficient	
   (cnx-­‐/-­‐)	
   brain,	
   liver	
   and	
   kidney	
   tissues	
  
compared	
   to	
  wild-­‐type	
   (wt)	
   tissue	
   levels.	
   Quantitation	
   of	
   expression	
   levels	
  
was	
   conducted	
   using	
   ImageJ	
   software.	
  UBC9	
   expression	
  was	
   normalized	
   to	
  
GAPDH.	
   UBC9	
   expression	
   in	
   calnexin-­‐deficient	
   tissues	
   is	
   shown	
   as	
   a	
   fold-­‐
change	
   of	
   wild-­‐type	
   expression	
   (set	
   to	
   1).	
   (B)	
   Western	
   blot	
   analyses	
   of	
   a	
  
comprehensive	
  range	
  of	
  wild-­‐type	
  (wt)	
  and	
  calnexin-­‐deficient	
  tissues	
  (cnx-­‐/-­‐)	
  
indicate	
  that	
  UBC9	
  protein	
  expression	
  in	
  the	
  absence	
  of	
  calnexin	
  is	
  similar	
  to	
  
wild-­‐type.	
   Quantitation	
   was	
   conducted	
   using	
   ImageJ	
   software	
   and	
   UBC9	
  
levels	
   were	
   normalized	
   to	
   a	
   GAPDH	
   loading	
   control	
   and	
   then	
   to	
   wild-­‐type	
  
skeletal	
  muscle	
  (set	
  to	
  1).	
  Representative	
  of	
  2	
  independent	
  experiments.	
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   To	
   examine	
   if	
   there	
   were	
   any	
   effects	
   of	
   UBC9	
   depletion	
   on	
   the	
  

expression	
  of	
  calnexin	
  we	
  used	
  RNAi	
  techniques	
  to	
  down-­‐regulate	
  the	
  level	
  of	
  

UBC9	
  protein	
  in	
  NIH	
  3T3	
  cells.	
  Using	
  this	
  technique	
  we	
  consistently	
  obtained	
  

up	
   to	
   60-­‐70%	
   reduction	
   of	
   the	
   level	
   of	
   endogenous	
  UBC9	
   in	
  NIH	
   3T3	
   cells	
  

Figure	
  4.5A	
  shows	
  that	
  UBC9	
  depletion	
  in	
  NIH	
  3T3	
  cells	
  had	
  no	
  effect	
  on	
  the	
  

expression	
  of	
  calnexin	
  but	
  it	
  led	
  to	
  the	
  loss	
  of	
  SUMO-­‐1	
  expression.	
  Analysis	
  of	
  

sumo-­‐1-­‐/-­‐	
   fibroblasts	
  showed	
  that	
   the	
  absence	
  of	
  SUMO	
  had	
  no	
  effect	
  on	
  the	
  

expression	
  of	
  calnexin	
  	
  (Figure	
  4.5B).	
  

	
   Next	
  we	
  tested	
  if	
  calnexin	
  interaction	
  with	
  UBC9	
  may	
  impact	
  on	
  global	
  

SUMOylation	
   patterns.	
   Wild-­‐type	
   and	
   calnexin-­‐deficient	
   fibroblasts	
   were	
  

harvested	
   directly	
   into	
   SDS-­‐PAGE	
   sample	
   buffer	
   containing	
   the	
   de-­‐

SUMOylation	
   inhibitor	
   N-­‐ethyl	
   maleimide,	
   heated	
   and	
   loaded	
   on	
   an	
   SDS-­‐

PAGE	
   gel	
   for	
   Western	
   blot	
   analysis.	
   Figure	
   4.6A	
   shows	
   that	
   the	
   SUMO-­‐1	
  

global	
  SUMOylation	
  pattern	
  was	
  unchanged	
  in	
  the	
  absence	
  of	
  calnexin.	
  Figure	
  

4.6B	
   shows	
   the	
   banding	
   pattern	
   of	
   global	
   SUMO-­‐2/3	
   modification	
   was	
  

unchanged.	
  We	
  concluded	
   that	
   the	
  absence	
  of	
   calnexin	
  did	
  not	
  affect	
  either	
  

the	
   expression	
   of	
   UBC9	
   or	
   the	
   SUMOylation	
   pattern	
   and	
   that	
   reduced	
  

expression	
  of	
  UBC9	
  or	
  SUMO-­‐1	
  did	
  not	
  affect	
  expression	
  of	
  calnexin.	
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Figure	
  4.5.	
  Depletion	
  of	
  components	
  of	
  the	
  SUMOylation	
  machinery	
  has	
  
no	
  impact	
  on	
  calnexin	
  expression	
  levels.	
  	
  

(A)	
  RNAi-­‐driven	
  down-­‐regulation	
  of	
  UBC9	
  was	
  carried	
  out	
  in	
  NIH	
  3T3	
  cells	
  as	
  
described	
  under	
   “Material	
   and	
  Methods”.	
  Up	
   to	
   60-­‐70%	
   reduction	
   of	
  UBC9	
  
protein	
  was	
  achieved.	
  Neither	
   the	
   sense	
   (+)	
  nor	
   sense	
  +	
  anti-­‐sense	
   (-­‐)	
   (up-­‐
regulation	
   or	
   down-­‐regulation)	
   of	
   UBC9	
   expression	
   had	
   any	
   effect	
   on	
  
expression	
  of	
  calnexin.	
  SUMO-­‐1	
  expression	
  was	
  up-­‐regulated	
  with	
  the	
  over-­‐
expression	
  of	
  UBC9,	
  and	
  the	
  expression	
  GAPDH	
  was	
  unchanged	
  with	
  the	
  up-­‐
regulation	
   or	
   down-­‐regulation	
   of	
   UBC9.	
   Blots	
   are	
   representative	
   of	
   3	
  
independent	
   experiments.	
   CNX,	
   calnexin,	
   GAPDH,	
   glyceraldehyde-­‐3-­‐
phosphate	
   dehydrogenase.	
   UBC9	
   RNAi	
   experiments	
   were	
   carried	
   out	
   by	
  
Dukgyu	
   Lee.	
   (B)	
   Expression	
   of	
   calnexin	
   was	
   examined	
   by	
   Western	
   blot	
  
analysis	
   in	
  SUMO-­‐1-­‐deficient	
   (sumo-­‐1-­‐/-­‐)	
   cells	
  using	
  anti-­‐calnexin	
   (CNX)	
   and	
  
GAPDH	
  antibodies.	
  The	
  expression	
  of	
  calnexin	
  was	
  unchanged	
  in	
  the	
  absence	
  
of	
   SUMO-­‐1.	
   CNX,	
   calnexin;	
   GAPDH,	
   glyceraldehyde-­‐3-­‐phosphate	
  
dehydrogenase.	
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Figure	
  4.6.	
  The	
  global	
  SUMOylation	
  pattern	
  is	
  unchanged	
  in	
  the	
  absence	
  
of	
  calnexin.	
  

Western	
  blot	
  analysis	
  of	
  the	
  pattern	
  of	
  SUMO-­‐1	
  modification	
  in	
  wild-­‐type	
  and	
  
calnexin-­‐deficient	
  fibroblasts.	
  Cell	
   lysates	
  were	
  analyzed	
  using	
  Western	
  blot	
  
techniques	
   for	
   (A)	
   SUMO-­‐1	
   conjugates,	
   UBC9	
   and	
   CNX	
   expression	
   and	
   (B)	
  
SUMO-­‐2/3	
  conjugates	
  using	
  antibodies	
  specific	
  to	
  SUMO-­‐1,	
  SUMO-­‐2/3,	
  UBC9	
  
or	
  the	
  C-­‐terminus	
  of	
  calnexin.	
  CNX,	
  calnexin.	
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The	
  Calnexin	
  C-­‐tail	
  Binds	
  UBC9	
  in	
  a	
  Ca2+-­‐Independent	
  Manner	
  

To	
  date	
  only	
  the	
  structure	
  of	
  the	
  luminal	
  domain	
  of	
  calnexin	
  has	
  been	
  

solved	
  [21]	
  and	
  there	
   is	
  no	
  structural	
   information	
  about	
   the	
  calnexin	
  C-­‐tail.	
  

To	
   understand	
   the	
   nature	
   of	
   the	
   C-­‐tail/UBC9	
   interaction	
   we	
   employed	
  

various	
   techniques	
   to	
   examine	
   the	
   structural	
   and	
   biophysical	
   properties	
   of	
  

the	
  C-­‐tail	
  alone	
  and	
  with	
  UBC9.	
  We	
  have	
  determined	
  with	
  NMR	
  spectroscopy	
  

that	
  the	
  calnexin	
  C-­‐tail	
  lacks	
  nascent	
  structure	
  and	
  only	
  small	
  chemical	
  shifts	
  

are	
   observable	
   in	
   the	
   presence	
   of	
   excess	
   Ca2+	
   (Chapter	
   3).	
   To	
   examine	
   the	
  

nature	
   of	
   the	
   C-­‐tail/UBC9	
   interaction,	
   we	
   applied	
   NMR	
   spectroscopy	
   to	
  

obtain	
  2D	
  1H-­‐15N	
  HSQC	
  spectra	
  of	
  unlabelled	
  UBC9	
  binding	
  to	
  15N	
  labelled	
  C-­‐

tail.	
   In	
  the	
  absence	
  of	
  Ca2+,	
  an	
  HSQC	
  of	
  15N	
  calnexin	
  C-­‐tail	
  shows	
  changes	
   in	
  

approximately	
   ten	
   to	
   twelve	
   resonances	
   of	
   the	
   C-­‐tail	
   with	
   strong	
   chemical	
  

shift	
  broadening	
  or	
  disappearance	
  with	
   the	
  addition	
  of	
  UBC9.	
  This	
  suggests	
  

that	
   these	
   residues	
   are	
   in	
   slow	
   conformational	
   exchange,	
   created	
   by	
   the	
  

binding	
  of	
  UBC9	
   to	
   calnexin.	
   Several	
   cross-­‐peaks	
   remained	
  unaffected	
  with	
  

the	
  addition	
  of	
  UBC9,	
  which	
  is	
  not	
  surprising	
  considering	
  the	
  size	
  of	
  the	
  C-­‐tail	
  

of	
  calnexin.	
  Because	
  most	
  of	
  the	
  unperturbed	
  resonances	
  seem	
  to	
  be	
  coming	
  

from	
  the	
  resonances	
  with	
  the	
  highest	
  intensities,	
  this	
  suggests	
  that	
  the	
  N-­‐	
  and	
  

C-­‐termini	
  of	
  calnexin	
  most	
  likely	
  remain	
  labile,	
  even	
  in	
  the	
  bound	
  form.	
  6	
  mM	
  

Ca2+	
  was	
  added	
  to	
  the	
  NMR	
  sample	
  and	
  both	
  a	
  1H	
  and	
  2D	
  1H-­‐15N	
  HSQC	
  NMR	
  

spectra	
  were	
  acquired	
  to	
  investigate	
  the	
  Ca2+	
  requirement	
  for	
  UBC9	
  binding.	
  

Negligible	
   changes	
   were	
   observed,	
   indicating	
   that	
   Ca2+	
   saturation	
   is	
   not	
  

required	
  for	
  UBC9	
  interaction	
  with	
  the	
  C-­‐tail.	
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Figure	
   4.7.	
   A	
   2D	
   1H-­‐15N	
   HSQC	
   NMR	
   spectra	
   of	
   the	
   C-­‐tail	
   of	
   calnexin	
  
before	
  (black)	
  and	
  after	
  the	
  addition	
  of	
  UBC9	
  (red).	
  	
  

Important	
   line	
   broadening	
   is	
   observed	
   after	
   addition	
   of	
   1.2	
   mg	
   of	
   UBC9.	
  
Approximately	
  ten	
  to	
  twelve	
  resonances	
  in	
  calnexin	
  showed	
  strong	
  chemical	
  
shift	
  broadening	
  or	
  disappeared	
  with	
  the	
  addition	
  of	
  UBC9.	
  This	
  suggests	
  that	
  
these	
  residues	
  are	
   in	
  slow	
  conformational	
  exchange,	
  created	
  by	
  the	
  binding	
  
of	
  UBC9	
   to	
   calnexin.  Protein	
   purification	
  was	
   conducted	
  with	
   the	
   technical	
  
support	
   of	
   Monika	
   Dabrowska	
   and	
   NMR	
   spectroscopy	
   was	
   carried	
   out	
   by	
  
Brian	
  Sykes	
  and	
  Olivier	
  Julien.	
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Association	
  of	
  UBC9	
  with	
  the	
  ER	
  Membrane	
  

UBC9	
   plays	
   important	
   role	
   in	
   SUMOylation	
   in	
   the	
   nuclear	
   and	
  

cytoplasmic	
  compartments	
  of	
  the	
  cell	
  [22].	
  The	
  discovery	
  of	
  UBC9	
  binding	
  to	
  

ER	
  associated	
  calnexin	
  C-­‐tail	
  indicates	
  that	
  the	
  protein	
  might	
  be	
  sequestered	
  

in	
   the	
   vicinity	
   of	
   the	
   ER	
   membrane	
   allowing	
   its	
   action	
   on	
   ER	
   proximal	
  

cytoplasmic	
  substrates.	
  Therefore,	
  we	
  investigated	
  what	
  proportion	
  of	
  UBC9	
  

can	
   be	
   found	
   at	
   the	
   ER	
   membrane	
   and	
   if	
   calnexin	
   has	
   an	
   impact	
   on	
   its	
  

localization.	
  To	
   investigate	
   this,	
  we	
  used	
  cellular	
   fractionation	
  on	
  Opti-­‐prep	
  

gradients	
   to	
   compare	
  UBC9	
   localization	
   in	
  wild-­‐type	
   and	
   calnexin-­‐deficient	
  

fibroblasts	
   (Figure	
   4.8).	
   GAPDH	
   was	
   used	
   to	
   as	
   a	
   marker	
   to	
   cytoplasmic	
  

compartment	
   (fractions	
  2-­‐4)	
   and	
   the	
   location	
  of	
  Ribophorin	
   I	
   indicated	
   the	
  

location	
   of	
   rough	
   ER	
   fractions	
   (fractions	
   5-­‐11).	
   UBC9	
   is	
   distributed	
  

throughout	
  all	
  the	
  fractions	
  but	
  has	
  a	
  bimodal	
  distribution	
  with	
  the	
  majority	
  

found	
  in	
  fractions	
  1-­‐3	
  (low	
  density,	
  cytoplasmic	
  compartment)	
  and	
  a	
  second	
  

peak	
  of	
  distribution	
  in	
  fractions	
  7	
  and	
  8	
  (Figure	
  4.8A).	
  Calnexin	
  is	
  distributed	
  

through	
   fractions	
   5-­‐12	
  with	
   the	
   peak	
   of	
   distribution	
   in	
   fractions	
   6-­‐8.	
   Thus,	
  

UBC9	
   and	
   calnexin	
   co-­‐distribute	
   and	
   both	
   proteins	
   show	
   peaks	
   of	
  

distribution	
  in	
  fractions	
  7-­‐8	
  with	
  approximately	
  15%	
  of	
  total	
  UBC9	
  residing	
  

in	
   these	
   fractions.	
   Interestingly,	
   in	
   the	
   absence	
   of	
   calnexin	
   UBC9	
   becomes	
  

more	
   evenly	
   distributed	
   across	
   the	
   fractions,	
   including	
   the	
   heavy	
   fractions,	
  

and	
  the	
  bimodal	
  appearance	
  is	
  less	
  distinct	
  (Figure	
  4.8B).	
  Thus,	
  a	
  portion	
  of	
  

UBC9	
   was	
   associated	
   with	
   the	
   ER	
   membrane	
   and	
   co-­‐distributes	
   with	
  

calnexin.	
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Figure	
  4.8.	
  UBC9	
  has	
  a	
  bimodal	
  cellular	
  distribution.	
  

(A).	
  Cellular	
  subfractionation	
  was	
  carried	
  out	
  on	
  Opti-­‐prep	
  gradients	
  (0-­‐25%	
  
iodoxanol)	
  followed	
  by	
  Western	
  blot	
  analysis	
  with	
  anti-­‐UBC-­‐9,	
  anti-­‐calnexin,	
  
anti-­‐GAPDH	
  and	
  anti-­‐ribophorin	
  I	
  antibodies.	
  GAPDH	
  and	
  ribophorin	
  I	
  were	
  
used	
   as	
   a	
   reference	
   for	
   cytosolic	
   and	
   rough	
   ER	
   fractions,	
   respectively.	
  
Calnexin	
   and	
   UBC9	
   can	
   be	
   found	
   in	
   the	
   same	
   fractions	
   indicating	
   co-­‐
distribution	
   in	
   the	
   cell,	
   particularly	
   in	
   fractions	
   7	
   and	
   8.	
   (B).	
   UBC9	
   cellular	
  
distribution	
   was	
   examined	
   in	
   the	
   presence	
   and	
   absence	
   of	
   calnexin.	
   UBC9	
  
distribution	
  in	
  wild-­‐type	
  cells	
  has	
  a	
  bimodal	
  distribution	
  with	
  peaks	
  of	
  UBC9	
  
expression	
  identified	
  in	
  fractions	
  1	
  and	
  7-­‐8.	
  In	
  the	
  absence	
  of	
  calnexin,	
  UBC9	
  
appears	
  to	
  more	
  evenly	
  distribute	
  throughout	
  the	
  cellular	
  fractions.	
  Blots	
  are	
  
representative	
   of	
   two	
   independent	
   experiments.	
   WB,	
   Western	
   blot;	
   CNX,	
  
calnexin;	
  GAPDH,	
  glyceraldehyde-­‐3-­‐phosphate	
  dehydrogenase.	
  Fractionation	
  
gradient	
  samples	
  used	
  for	
  Western	
  blot	
  analysis	
  were	
  obtained	
  from	
  Daniel	
  
Prins.	
  



	
  

160	
  
 

Next	
   we	
   isolated	
   microsomal	
   fractions	
   (enriched	
   in	
   ER)	
   from	
   HeLa	
  

cells	
   expressing	
   recombinant	
   UBC9	
   followed	
   by	
   Western	
   blot	
   analysis	
   of	
  

purified	
  membrane	
  with	
   anti-­‐UBC9	
   antibodies.	
   Figure	
   4.9A	
   shows	
   that	
   the	
  

UBC9	
  was	
  present	
  in	
  calnexin	
  containing,	
  ER-­‐enriched	
  microsomal	
  fractions	
  

indicating	
   that	
   UBC9	
   was	
   associated	
   with	
   isolated	
   ER	
   membranes.	
   To	
  

examine	
   if	
   the	
   associated	
   UBC9	
   could	
   be	
   titrated	
   away	
   from	
   the	
   ER	
  

membranes	
   with	
   the	
   calnexin	
   C-­‐tail,	
   we	
   incubated	
   isolated	
   microsomal	
  

vesicles	
  with	
  purified	
  C-­‐tail	
   for	
   two	
  hours	
  at	
  4°C	
   (Figure	
  4.9B).	
  Figure	
  4.9B	
  

and	
   C	
   show	
   that	
   UBC9	
   remains	
   associated	
   with	
   the	
   microsomes	
   despite	
  

increasing	
  concentrations	
  of	
  purified	
  calnexin	
  C-­‐tail.	
  However,	
  the	
  C-­‐tail	
  itself	
  

associates	
  with	
   the	
  ER	
  membranes	
  (Figure	
  4.9C).	
  This	
   is	
   in	
  agreement	
  with	
  

equilibrium	
  sedimentation	
  centrifugation	
  experiments	
  and	
  indicates	
  that	
  the	
  

calnexin	
   C-­‐tail	
   can	
   homo-­‐dimerize.	
   It	
   is	
   likely	
   that	
   purified	
   calnexin	
   C-­‐tail	
  

bound	
   to	
   endogenous	
   calnexin,	
   and	
   consequently	
   some	
   UBC9	
   remained	
  

associated	
  with	
   the	
   ER	
  membranes.	
   Alternatively,	
   the	
   purified	
   C-­‐tail	
  might	
  

not	
  be	
  able	
  to	
  effectively	
  compete	
  with	
  membrane-­‐anchored	
  endogenous	
  C-­‐

tail	
  for	
  UBC9	
  association.	
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Figure	
  4.9.	
  UBC9	
  associates	
  with	
  ER	
  membranes.	
  

	
  
(A).	
  HeLa	
  cells	
  were	
   transfected	
  with	
   the	
  UBC9	
  sense	
  plasmid	
  and	
  used	
   for	
  
ER	
   microsome	
   isolation,	
   followed	
   by	
   Western	
   blot	
   analysis	
   of	
   purified	
   ER	
  
microsomes	
  with	
  anti-­‐UBC9	
  antibodies.	
  WB,	
  Western	
  blot.	
  (B).	
  Western	
  blot	
  
analysis	
  of	
  microsomal	
  fractions	
  with	
  anti-­‐calnexin	
  and	
  anti-­‐UBC9	
  antibodies.	
  
Microsomal	
  membranes	
  were	
  incubated	
  with	
  purified	
  calnexin	
  C-­‐tail	
  for	
  two	
  
hours	
   at	
   4°C	
   prior	
   to	
   SDS-­‐PAGE	
   and	
  Western	
   blot	
   analysis.	
   UBC9	
   remains	
  
associated	
  with	
  the	
  microsomes	
  but	
  the	
  C-­‐tail	
  itself	
  appears	
  to	
  associate	
  with	
  
the	
   microsomes	
   with	
   an	
   increasing	
   concentration	
   of	
   calnexin	
   C-­‐tail.	
   (C).	
  
Quantitation	
  of	
   the	
  Western	
  blot	
   in	
  B.	
  Representative	
  of	
   three	
   independent	
  
experiments.	
  WB,	
  Western	
  blot.	
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The	
  Calnexin	
  C-­‐tail	
  is	
  SUMOylated	
  in	
  vitro	
  

	
   SUMO	
  conjugation	
  modifies	
  a	
   lysine	
  residue	
  typically	
  within	
  the	
  core	
  

consensus	
  motif	
  ψKxE	
  where	
  ψ	
  is	
  a	
  bulky	
  hydrophic	
  residue	
  [23].	
  In	
  addition	
  

to	
   the	
  core	
  consensus	
  motif,	
   additional	
   flanking	
  amino	
  acid	
  sequences	
  have	
  

been	
  proposed	
  to	
  extend	
  the	
  SUMO	
  consensus	
  motif	
  [24,	
  25].	
  These	
  include	
  

the	
   phosphorylation-­‐dependent	
   SUMOylation	
   motif	
   (PDSM)	
   of	
   ψKxExxSP	
  

[24]	
   and	
   the	
   negatively	
   charged	
   amino	
   acid-­‐dependent	
   SUMOylation	
  motif	
  

(NDSM)[25].	
  A	
  global	
  search	
  of	
  NDSM	
  containing	
  proteins	
  in	
  the	
  SWISSPROT	
  

database	
   identified	
   that	
   the	
   highly	
   acidic	
   calnexin	
   C-­‐tail	
   contains	
   a	
   NDSM	
  

(residues	
   505-­‐518),	
   VK506EEEEEKEEEKDK,	
   a	
   motif	
   previously	
   used	
  

successfully	
  in	
  determining	
   in	
  vivo	
  SUMO	
  substrates	
  (Figure	
  4.10A)	
  [25].	
  To	
  

examine	
   if	
   this	
   site	
   can	
   be	
   SUMOylated,	
   we	
   used	
   an	
   in	
   vitro	
   SUMOylation	
  

system	
  with	
  purified	
  canine	
  calnexin	
  C-­‐tail	
  (Figure	
  4.10B)	
  and	
  a	
  K506A	
  C-­‐tail	
  

mutant	
   (Figure	
  4.10C).	
  Figure	
  4.10B	
  shows	
   that	
   in	
   the	
  presence	
  of	
  SUMO-­‐1	
  

there	
  was	
  a	
  shift	
  of	
   the	
  C-­‐tail	
  mobility	
  of	
  approximately	
  12-­‐kDa	
  as	
  detected	
  

with	
   an	
   anti-­‐calnexin	
   antibody,	
   a	
   size	
   shift	
   consistent	
   with	
   the	
   addition	
   of	
  

SUMO-­‐1.	
  Mutation	
  of	
  K506	
  to	
  an	
  alanine	
  abrogated	
  in	
  vitro	
  SUMOylation	
  of	
  the	
  

C-­‐tail	
  indicating	
  that	
  the	
  predicted	
  NDSM	
  motif	
  in	
  the	
  calnexin	
  C-­‐tail	
  was	
  the	
  

site	
  of	
  SUMO	
  addition	
  (Figure	
  4.10C).	
   	
  Thus,	
  we	
  concluded	
  that	
  the	
  calnexin	
  

C-­‐tail	
   can	
  be	
  SUMOylated	
   in	
   vitro	
   at	
  K506	
  within	
   the	
  predicted	
  SUMOylation	
  

NDSM	
  consensus	
  site.	
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Figure	
  4.10.	
  Calnexin	
  is	
  SUMOylated	
  in	
  vitro	
  at	
  K506.	
  

	
  
(A)	
   A	
   schematic	
   representation	
   of	
   the	
   calnexin	
   C-­‐tail	
   amino	
   acid	
   sequence.	
  
The	
  proposed	
  negatively	
  charged	
  amino	
  acid-­‐dependent	
  SUMOylation	
  motif	
  
(NDSM)	
   is	
  highlighted	
   in	
  black	
  with	
  the	
  core	
  consensus	
  motif	
  underlined	
   in	
  
white.	
   The	
   location	
   of	
   the	
   myc	
   and	
   His	
   tag	
   are	
   indicated.	
   (B)	
   In	
   vitro	
  
SUMOylation	
  of	
  the	
  calnexin	
  C-­‐tail.	
   	
  Purified	
  calnexin	
  C-­‐tail	
  was	
  SUMOylated	
  
as	
  described	
  under	
  “Material	
  and	
  Methods”.	
  SUMOylated	
  C-­‐tail	
  was	
  identifed	
  
by	
   Western	
   blot	
   analysis	
   with	
   anti-­‐calnexin	
   antibodies.	
   	
   The	
   location	
   of	
  
SUMO-­‐calnexin	
  C-­‐tail	
  is	
  indicated	
  by	
  the	
  arrow	
  (SUMO-­‐CNXC).	
  CNXC,	
  calnexin	
  
C-­‐tail.	
  (C)	
  K506A	
  C-­‐tail	
  mutant	
  is	
  not	
  SUMOylated	
  in	
  vitro.	
  In	
  vitro	
  SUMOylation	
  
was	
   carried	
   out	
   as	
   described	
  under	
   “Material	
   and	
  Methods”.	
  Western	
   blots	
  
depicted	
  in	
  (B)	
  and	
  (C)	
  were	
  from	
  the	
  same	
  immunoblot.	
   	
  CNXC,	
  calnexin	
  C-­‐
tail.	
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Calnexin	
  is	
  SUMOylated	
  in	
  vivo	
  

While	
   a	
   calnexin	
   SUMO	
   site	
   has	
   been	
   predicted	
   and	
   was	
  modified	
   in	
   vitro	
  

(Figure	
  4.10)	
  it	
  is	
  important	
  to	
  examine	
  if	
  the	
  protein	
  can	
  be	
  SUMOylated	
  in	
  

vivo.	
   The	
   SUMO	
   enigma	
   is	
   a	
   well-­‐documented	
   phenomenon	
   where	
   only	
   a	
  

small	
   portion	
   of	
   the	
   total	
   substrate	
   is	
   detectably	
   SUMOylated	
   at	
   any	
   given	
  

time	
  even	
  when	
  functional	
  evidence	
  indicates	
  complete	
  SUMOylation	
  [26].	
  To	
  

increase	
   the	
   probability	
   of	
   detecting	
   SUMOylated	
   calnexin	
   (and	
   the	
  

corresponding	
  molecular	
  shift)	
  in	
  vivo,	
  we	
  tested	
  isolated	
  ER	
  microsomes	
  for	
  

the	
  presence	
  of	
  SUMOylated	
  endogenous	
  calnexin.	
  SUMO-­‐1	
   immunostaining	
  

of	
  purified	
  ER	
  microsomes	
  revealed	
  a	
  SUMO-­‐1	
  high	
  molecular	
  weight	
  species	
  

of	
  the	
  same	
  molecular	
  weight	
  as	
  calnexin	
  (Figure	
  4.11A,	
  arrow).	
  To	
  confirm	
  

the	
   SUMOylated	
   protein	
   band	
   in	
   the	
  microsomal	
   fraction	
   is	
   calnexin,	
   HeLA	
  

cells	
   were	
   transfected	
   with	
   an	
   expression	
   vector	
   encoding	
   GFP-­‐SUMO-­‐1	
  

followed	
   by	
   the	
   isolation	
   of	
   ER	
   enriched	
   microsomes	
   and	
  

immunoprecipitation	
   followed	
   by	
   Western	
   blot	
   analyses.	
  

Immunoprecipitation	
   from	
   solubilized	
   microsomes	
   with	
   goat	
   anti-­‐GFP	
  

antibodies,	
   and	
   immunoblotting	
   with	
   rabbit	
   anti-­‐GFP	
   antibodies	
   indicates	
  

that	
   a	
   GFP-­‐SUMO-­‐1	
   modified	
   protein	
   at	
   approximately	
   100-­‐kDa	
   can	
   be	
  

specifically	
   immunoprecipitated	
   with	
   anti-­‐GFP	
   antibodies	
   (Figure	
   4.11B).	
  

Western	
   blot	
   analysis	
   of	
   the	
   same	
   sample	
   with	
   anti-­‐calnexin	
   antibodies	
  

revealed	
   that	
   calnexin	
   (detectable	
   at	
   approximately	
   100-­‐kDa)	
   was	
   co-­‐

immunoprecipitated	
  with	
  GFP-­‐SUMO-­‐1	
  from	
  ER	
  membranes	
  (Figure	
  4.11B).	
  

We	
  concluded	
  that	
  calnexin	
  is	
  SUMOylated	
  in	
  vivo.	
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Figure	
  4.11.	
  Calnexin	
  is	
  SUMOylated	
  in	
  vivo.	
  	
  

	
  
(A)	
   Purified	
   ER	
   microsomes	
   were	
   isolated	
   from	
   HeLa	
   cells	
   followed	
   by	
  
Western	
   blot	
   analysis	
   with	
   anti-­‐SUMO-­‐1	
   antibodies.	
   A	
   protein	
   band	
   with	
  
calnexin	
  mobility	
   is	
   indicated	
  by	
  the	
  arrow.	
  (B)	
  HeLa	
  cells	
  were	
  transfected	
  
with	
   a	
   GFP-­‐SUMO-­‐1	
   expression	
   vector	
   followed	
   by	
   isolation	
   of	
   the	
   ER	
  
enriched	
   microsomes,	
   immunoprecipitation	
   with	
   goat	
   anti-­‐GFP	
   antibodies	
  
and	
   Western	
   blot	
   analysis	
   with	
   anti-­‐GFP	
   antibodies	
   and	
   anti-­‐calnexin	
  
antibodies.	
  The	
  arrows	
  indicate	
  the	
  location	
  of	
  SUMO-­‐1	
  and	
  calnexin	
  species	
  
in	
   the	
   lysate,	
  whereas	
   the	
  asterisks	
   indicate	
   that	
  GFP-­‐SUMO-­‐1	
  and	
  calnexin	
  
co-­‐immunoprecipitate.	
  CNX,	
  calnexin.	
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RanBPM	
  and	
  the	
  C-­‐tail	
  

The	
  mouse	
  brain	
  Matchmaker	
  cDNA	
  library	
  screen	
  also	
  identified	
  that	
  

the	
  C-­‐tail	
   interacts	
  with	
  RanBPM,	
   a	
  postulated	
  SUMO	
  E3	
   ligase	
   [27,	
  28].	
  E3	
  

SUMO	
   ligases	
   have	
   only	
   been	
   identified	
   for	
   certain	
   SUMOylated	
   substrates	
  

and	
  are	
  not	
   required	
   in	
  all	
   cases.	
  RanBPM	
  had	
  areas	
  of	
   co-­‐localization	
  with	
  

calnexin	
  as	
  determined	
  by	
  confocal	
  microscopy	
  with	
  a	
  thresholded	
  Pearson’s	
  	
  

coefficent	
   of	
   0.504+/-­‐SE	
   0.037	
   indicating	
   that	
   it	
   may	
   be	
   a	
   specific	
   E3	
   for	
  

calnexin	
   SUMOylation	
   (Figure	
   4.12).	
   This	
   indicates	
   that	
   E3	
   specificity	
  

(RanBPM)	
  may	
  be	
  required	
  for	
  calnexin	
  SUMOylation.	
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Figure	
  4.12.	
  Cellular	
  distribution	
  of	
  RanBPM.	
  

Confocal	
  microscopy	
  of	
  (A)	
  YFP	
  tagged	
  RanBPM	
  and	
  (B)	
  immunostaining	
  for	
  
calnexin	
   with	
   Texas	
   Red	
   secondary	
   antibodies	
   indicate	
   that	
   RanBPM	
   is	
  
distributed	
  throughout	
   the	
  cell,	
   including	
  the	
  nucleus,	
  and	
  has	
  some	
  degree	
  
of	
  (C)	
  colocalization	
  with	
  calnexin	
  at	
  the	
  ER	
  compartment.	
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Figure	
  4.13.	
  The	
  C-­‐tail	
  binds	
  UBC9	
  and	
  can	
  be	
  SUMOylated.	
  

The	
   C-­‐tail	
   binds	
  UBC9	
   in	
   a	
  manner	
   that	
   leaves	
   its	
  N	
   and	
   C-­‐terminus	
   labile,	
  
indicating	
   it	
  binds	
  somewhere	
   in	
  between.	
  UBC9	
  binding	
   is	
  Ca2+-­‐dependent	
  
and	
   leads	
   to	
   the	
   SUMOylation	
   of	
   the	
   calnexin	
   C-­‐tail	
   at	
   Lys506.	
   The	
  
phosphorylatable	
   Ser	
   residues	
   are	
   indicated	
   in	
   blue,	
   the	
   palmitoylated	
  
juxtamembrane	
  cysteines	
  in	
  yellow	
  and	
  Lys506	
  in	
  red.	
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Discussion	
  

	
   Calnexin	
  is	
  an	
  integral	
  membrane	
  ER	
  associated	
  chaperone	
  with	
  a	
  C-­‐

terminal	
   cytoplasmic	
   tail	
   domain	
   almost	
   90	
   amino	
   acids	
   in	
   length.	
   The	
  

majority	
   of	
   previous	
   studies	
   have	
   focused	
   on	
   calnexin’s	
   ER	
   luminal	
  

chaperone	
   domain.	
   	
   Here	
  we	
   show	
   that	
   the	
   C-­‐terminal	
   domain	
   of	
   calnexin	
  

may	
   form	
   complexes	
   with	
   cytoplasmic	
   proteins	
   and	
   impact	
   on	
   cellular	
  

functions	
   independent	
   of	
   its	
   role	
   as	
   a	
   chaperone.	
   In	
   this	
   study	
   we	
  

demonstrate	
  that	
  the	
  calnexin	
  cytoplasmic	
  tail	
  binds	
  UBC9,	
  a	
  SUMO	
  E2	
  ligase	
  

and	
   it	
   is	
   SUMOylated	
   within	
   a	
   negatively	
   charged	
   amino	
   acid-­‐dependent	
  

SUMOylation	
   motif	
   at	
   K506.	
   The	
   C-­‐tail	
   domain	
   of	
   calnexin	
   binds	
   UBC9	
   in	
   a	
  

Ca2+-­‐independent	
   manner	
   as	
   determined	
   with	
   NMR	
   spectroscopy.	
   To	
   our	
  

knowledge,	
   this	
   is	
   the	
   first	
   report	
   of	
   an	
   integral	
   ER	
   membrane	
   molecular	
  

chaperone	
  that	
  can	
  be	
  modified	
  by	
  SUMO.	
  	
  

UBC9	
  and	
  the	
  Calnexin	
  C-­‐tail	
  

	
   We	
  used	
   yeast-­‐2-­‐hybrid	
   techniques	
   to	
   identify	
   potential	
   cytoplasmic	
  

proteins	
   interacting	
   with	
   the	
   C-­‐terminal	
   cytoplasmic	
   tail	
   of	
   calnexin.	
   The	
  

initial	
  screen	
  identified	
  several	
  potential	
  partners	
  of	
  the	
  unique	
  cytoplasmic	
  

domain	
   of	
   calnexin.	
   Two	
   independent	
   yeast-­‐2-­‐hybrid	
   screens	
   of	
   brain	
   and	
  

Jurkat	
   libraries	
   identified	
   UBC9	
   as	
   a	
   C-­‐tail	
   interacting	
   partner.	
   UBC9	
  

associates	
   with	
   ER	
   membranes	
   and	
   likely	
   plays	
   a	
   role	
   in	
   SUMOylation	
   of	
  

other	
  ER	
  associated	
  and	
  cytoplasmic	
  substrates.	
  A	
  recent	
  study	
  reported	
  that	
  

UBC9	
  was	
  present	
  in	
  the	
  ER	
  luminal	
  compartment	
  based	
  on	
  studies	
  including	
  

microscopy	
  analysis	
  where	
  UBC9	
  was	
  found	
  to	
  co-­‐localize	
  with	
  calnexin	
  [29].	
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We	
  postulate	
   that	
   UBC9	
   resides	
   on	
   the	
   cytosolic	
   side	
   of	
   the	
   ER	
  membrane	
  

and	
  associates	
  with	
  the	
  calnexin	
  C-­‐tail.	
  	
  

	
   The	
   ER	
   is	
   the	
  major	
   storage	
   site	
   for	
   cellular	
   Ca2+	
   and	
   the	
   C-­‐tail	
   has	
  

been	
  shown	
  to	
  regulate	
  SERCA	
  and	
  Ca2+-­‐reuptake.	
  Thus,	
  Ca2+	
  could	
  impact	
  on	
  

UBC9	
  interaction	
  with	
  the	
  C-­‐tail.	
  The	
  structure	
  and	
  biophysical	
  nature	
  of	
  the	
  

C-­‐tail,	
   Ca2+-­‐binding	
   to	
   the	
   C-­‐tail	
   and	
   the	
   impact	
   this	
   has	
   on	
   protein-­‐protein	
  

interactions	
  have	
  never	
  been	
  investigated.	
  Phosphorylation	
  of	
  the	
  calnexin	
  C-­‐

tail	
   is	
   involved	
   in	
   ER	
   Ca2+	
   homeostasis	
   and	
   is	
   regulated	
   by	
   cytosolic	
   Ca2+	
  

through	
   dephosphorylation	
   by	
   calcineurin	
   [30].	
   Cytosolic	
   Ca2+	
   could	
   also	
  

impact	
  on	
  UBC9	
  binding	
  and	
  subsequent	
  SUMOylation	
  of	
  the	
  C-­‐tail.	
  We	
  used	
  

NMR	
  spectroscopy	
   to	
   examine	
  UBC9/C-­‐tail	
   binding	
   in	
   the	
  presence	
  of	
  Ca2+.	
  

The	
   calnexin	
   C-­‐tail	
   lacks	
   nascent	
   structure	
   and	
   binds	
   Ca2+	
   (Chapter	
   3).	
  

However,	
  UBC9	
  binding	
   to	
   the	
  C-­‐tail	
   appears	
   to	
  be	
  Ca2+	
   independent	
  as	
   the	
  

UBC9/[15N]	
   C-­‐tail	
   2D	
   1H-­‐15N	
  HSQC	
   spectra	
   is	
   unchanged	
   in	
   the	
   presence	
   of	
  

excess	
  Ca2+.	
  	
  

UBC9	
  activity	
  and	
  SUMOylation	
  have	
  been	
  extensively	
  studied	
   in	
   the	
  

nuclear	
  compartment	
  as	
  a	
  part	
  of	
  transcriptional	
  control.	
  However,	
  in	
  the	
  last	
  

five	
  years,	
  examples	
  of	
  integral	
  membrane	
  proteins	
  modified	
  by	
  SUMO	
  have	
  

emerged	
   [31,	
   32].	
   SUMO	
   modification	
   has	
   been	
   shown	
   to	
   inactivate	
   the	
  

plasma	
   membrane	
   potassium	
   leak	
   channel	
   K2P1	
   and	
   regulate	
   the	
  

endocytosis	
   of	
   the	
   kainate	
   receptor	
   and	
   subsequent	
   synaptic	
   transmission	
  

after	
   SUMOylation	
   of	
   the	
   GluR6	
   kainate	
   receptor	
   subunit	
   [31,	
   32].	
   Other	
  

membrane	
   protein	
   targets	
   include	
   voltage-­‐dependent	
   K+	
   (Kv)	
   channels,	
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glucose	
  transporters	
  and	
  the	
  group	
  3	
  metabotropic	
  glutamate	
  receptors	
  [33-­‐

36].	
   Here	
   we	
   show	
   that	
   the	
   C-­‐tail	
   of	
   calnexin,	
   an	
   ER	
   chaperone,	
   is	
  

SUMOylated	
   within	
   a	
   NDSM	
   consensus	
   motif	
   at	
   K506	
   by	
   SUMO-­‐1.	
   SUMO	
  

modification	
  at	
  the	
  ER	
  membrane	
  is	
  a	
  novel	
  finding	
  as	
  the	
  majority	
  of	
  studied	
  

SUMO	
   substrates	
   reside	
   in	
   the	
   nucleus	
   or	
   more	
   recently,	
   at	
   the	
   plasma	
  

membrane.	
   Calnexin	
   is	
   the	
   first	
   ER	
   molecular	
   chaperone	
   shown	
   to	
   be	
  

SUMOylated.	
   There	
   has	
   only	
   been	
   one	
   previous	
   report	
   of	
   an	
   ER	
   localized	
  

protein	
   being	
   SUMOylated,	
   the	
   protein	
   tyrosine	
   phosphatase	
   PTP1B	
   [37].	
  

There	
   are	
   four	
   known	
   SUMO	
  paralogues	
   in	
  mammals,	
   SUMO	
  1,	
   2,	
   3	
   and	
   4.	
  

SUMO	
  2	
  and	
  3	
  are	
  95%	
  identical	
  whereas	
  SUMO-­‐2	
  is	
  48%	
  and	
  SUMO-­‐3	
  46%	
  

identical	
   to	
   SUMO-­‐1	
   [38].	
   There	
   are	
   databases	
   available	
   from	
   large-­‐scale	
  

mass	
   spectrometry	
   screens	
   of	
   SUMOylated	
   proteins	
   [39,	
   40]	
   and	
   two	
  

independent	
  databases	
  also	
  identified	
  calnexin	
  as	
  a	
  SUMOylated	
  substrate.	
  In	
  

the	
   first	
   study,	
   an	
   investigation	
   of	
   the	
   cross-­‐talk	
   between	
   the	
  

ubiquitin/proteasome	
   system	
   and	
   SUMO-­‐2/3	
   modification	
   led	
   to	
   the	
  

identification	
  of	
  calnexin	
  as	
  a	
  SUMO-­‐2	
  substrate	
  [39].	
  In	
  the	
  second	
  study,	
  an	
  

investigation	
   of	
   the	
   effect	
   heat	
   shock	
   had	
   on	
   SUMO	
   modifications	
   also	
  

identified	
  calnexin	
  as	
  a	
  SUMO-­‐2	
  substrate	
  [40].	
  While	
  the	
  literature	
  reported	
  

modification	
  by	
  SUMO-­‐2,	
  our	
  in	
  vitro	
  SUMOylation	
  analysis	
  indicated	
  that	
  the	
  

C-­‐tail	
  could	
  be	
  modified	
  by	
  SUMO-­‐1	
  and	
  in	
  vivo	
  SUMOylation	
  was	
  detectable	
  

with	
  a	
  SUMO-­‐1	
  antibody.	
  While	
  the	
  significance	
  between	
  SUMO-­‐1	
  and	
  SUMO	
  

2/3	
   modification	
   is	
   not	
   understood,	
   it	
   is	
   known	
   that	
   many	
   substrates	
  

undergo	
   modification	
   by	
   both	
   SUMO-­‐1	
   and	
   SUMO	
   2/3	
   and	
   in	
   some	
   cases	
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SUMO-­‐1	
   and	
   SUMO	
   2/3	
   can	
   form	
   mixed	
   chains	
   [41].	
   It	
   is	
   possible	
   that	
  

calnexin	
  is	
  modifiable	
  by	
  different	
  SUMO	
  moieties.	
  

Functional	
  Implications	
  of	
  Calnexin	
  SUMOylation	
  

The	
   implications	
   of	
   SUMOylation	
   of	
   a	
   molecular	
   chaperone	
   are	
  

difficult	
  to	
  determine	
  due	
  to	
  the	
  lack	
  of	
  a	
  definitive	
  activity	
  assay.	
  Calnexin	
  is	
  

the	
   molecular	
   chaperone	
   for	
   virtually	
   every	
   glycosylated	
   transmembrane	
  

protein	
   translated	
   through	
   the	
   ER.	
   Other	
   post-­‐translational	
   modifications	
  

have	
  a	
  wide	
  variety	
  of	
  effects	
  on	
  calnexin	
  function.	
  Phosphorylation	
  of	
  Ser563	
  

the	
  C-­‐tail	
   regulates	
   an	
   inhibitory	
   interaction	
  with	
   SERCA2b	
  where	
   elevated	
  

cytosolic	
  Ca2+	
  concentrations	
  and	
  ER	
  stress	
  lead	
  to	
  the	
  dephosphorylation	
  of	
  

calnexin	
  by	
   calcineurin	
   and	
   removal	
   of	
   its	
   inhibitory	
   effect	
   on	
   SERCA2b	
   [4,	
  

30].	
   Phosphorylation	
   also	
   recruits	
   calnexin	
   to	
   the	
   translocons	
   bound	
   by	
  

ribosomes,	
   disrupt	
   its	
   interaction	
   with	
   the	
   cytosolically	
   associated	
   PACS-­‐2	
  

protein	
   resulting	
   in	
   its	
   re-­‐distribution	
   from	
   peripheral	
   to	
   juxtanuclear	
   ER,	
  

and	
   leads	
   to	
   prolonged	
   retention	
   of	
   a	
   known	
   substrate,	
   AAT,	
   under	
  

misfolding	
  conditions	
   [1].	
  SUMOylation	
  of	
   the	
  C-­‐tail	
   could	
  be	
  related	
   to	
  any	
  

one	
   of	
   the	
   above	
   or	
   provide	
   a	
   novel	
   C-­‐tail	
   function.	
   One	
   of	
   the	
   large	
   scale	
  

screens	
   that	
   identified	
   calnexin	
   conjugated	
   to	
   SUMO	
   was	
   with	
   heat	
   shock	
  

conditions,	
  indicating	
  SUMO	
  modification	
  on	
  calnexin	
  could	
  be	
  related	
  to	
  ER	
  

stress	
   signalling	
   [40].	
   However,	
   calnexin	
   SUMO	
   conjugation	
   was	
   also	
  

detected	
   in	
   a	
   screen	
   to	
   determine	
   the	
   effect	
   of	
   proteasome	
   inhibition	
   on	
  

SUMO	
  conjugation,	
  indicating	
  that	
  SUMO	
  is	
  conjugated	
  under	
  both	
  basal	
  and	
  

ER	
  stress	
  conditions.	
  Detectable	
  calnexin	
  SUMO	
  levels	
  were	
  unchanged	
  when	
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the	
   proteasome	
   was	
   inhibited	
   with	
   MG132	
   indicating	
   SUMOylation	
   of	
  

calnexin	
   is	
   likely	
   not	
   related	
   to	
   ER	
   associated	
   degradation	
   (ERAD)	
   [39].	
  

Considering	
   the	
   unique	
   and	
   non-­‐redundant	
   nature	
   of	
   the	
   calnexin	
   C-­‐tail,	
  

SUMOylation	
   of	
   the	
   C-­‐tail	
   could	
   impact	
   on	
   calnexin’s	
   specificity	
   for	
  myelin	
  

systems	
  [42,	
  43].	
  While	
  the	
  function	
  of	
  calnexin	
  SUMOylation	
  remains	
  to	
  be	
  

investigated,	
  this	
  study	
  provides	
  a	
  novel	
  modification	
  of	
  the	
  unique	
  calnexin	
  

C-­‐tail	
   that	
   has	
   important	
   implications	
   for	
   regulation	
   of	
   a	
   ubiquitous	
   ER	
  

molecular	
  chaperone.	
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   Calnexin	
   is	
   a	
   ubiquitously	
   expressed	
   endoplasmic	
   reticulum	
   (ER)	
  

chaperone	
   responsible	
   for	
   the	
   proper	
   folding	
   and	
   assembly	
   of	
   nascent	
  

glycosylated	
   polypeptides	
   translated	
   through	
   the	
   ER.	
   Calnexin	
   shares	
   this	
  

role	
   with	
   the	
   highly	
   similar	
   lectin	
   chaperone,	
   calreticulin.	
   These	
   two	
  

molecules	
  share	
  a	
  highly	
  homologous	
  ER	
  luminal	
  N+P	
  domain	
  responsible	
  for	
  

binding	
   the	
   carbohydrate	
   on	
   glycosylated	
   proteins.	
   However,	
   calreticulin	
  

resides	
   only	
   in	
   the	
   lumen	
   of	
   the	
   ER	
   whereas	
   calnexin	
   is	
   a	
   Type	
   I	
  

transmembrane	
  protein	
   and	
  differs	
   from	
   calreticulin	
  with	
   the	
   addition	
  of	
   a	
  

transmembrane	
   domain	
   and	
   an	
   approximately	
   90	
   amino	
   acid	
   residue	
  

cytoplasmic	
   tail.	
  Despite	
   the	
  similarity	
  of	
   these	
  two	
  chaperones,	
   it	
  has	
  been	
  

determined	
  that	
  some	
  glycoprotein	
  folding	
  substrates	
  are	
  shared	
  but	
  specific	
  

substrates	
  exclusively	
  associate	
  with	
  either	
  calnexin	
  or	
  calreticulin	
  [1-­‐3].	
  One	
  

objective	
  of	
  this	
  study	
  was	
  to	
  contribute	
  to	
  our	
  understanding	
  of	
  the	
  role	
  of	
  

calnexin	
  in	
  a	
  mouse	
  model	
  by	
  using	
  a	
  loss-­‐of-­‐function	
  approach.	
  Additionally,	
  

we	
   hypothesized	
   that	
   examining	
   protein-­‐binding	
   partners	
   of	
   the	
   unique	
   C-­‐

tail	
  of	
  calnexin	
  would	
  provide	
  us	
  with	
  clues	
  about	
  its	
  essential	
  functions.	
  This	
  

study	
   indicates	
   that	
   calnexin	
   plays	
   a	
   specific	
   and	
   non-­‐redundant	
   role	
   in	
  

myelin	
  systems.	
  Myelination	
  in	
  the	
  central	
  and	
  peripheral	
  nervous	
  system	
  is	
  

impaired	
  with	
   a	
   corresponding	
   reduction	
   in	
   nerve	
   conduction	
   velocities	
   in	
  

the	
   absence	
   of	
   calnexin.	
   Thus,	
   calnexin	
   provides	
   a	
   novel	
   contributor	
   to	
  

myelin	
   and	
   myelin	
   pathologies.	
   As	
   the	
   unique	
   C-­‐tail	
   and	
   transmembrane	
  

domain	
   defines	
   calnexin	
   from	
   many	
   other	
   ER	
   chaperones,	
   including	
  

calreticulin,	
   we	
   carried	
   out	
   biophysical	
   and	
   structural	
   studies	
   as	
   well	
   as	
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analysis	
   of	
   novel	
   protein	
   binding	
   partners	
   to	
   define	
   the	
   role	
   of	
   this	
   region.	
  

Understanding	
  the	
  function	
  of	
  the	
  calnexin’s	
  transmembrane	
  domain	
  and	
  C-­‐

tail	
  could	
  provide	
  insights	
  into	
  its	
  specific	
  role	
  in	
  myelination.	
  We	
  show	
  that	
  

the	
  unique	
   calnexin	
  C-­‐tail	
   binds	
  UBC9	
  and	
   can	
  be	
   SUMOylated	
   in	
   vivo.	
   This	
  

study	
   of	
   the	
   role	
   of	
   calnexin	
   and	
   its	
   unique	
   domains	
   provide	
   novel	
   insight	
  

into	
  the	
  specificity	
  and	
  pathways	
  of	
  a	
  critical	
  protein	
  folding	
  quality	
  control	
  

chaperone.	
  	
  

Calnexin	
  plays	
  a	
  critical	
  and	
  non-­‐redundant	
  role	
  in	
  neuronal	
  systems	
  

	
   We	
   generated	
   calnexin-­‐deficient	
   mice	
   to	
   examine	
   the	
   impact	
   of	
   the	
  

loss	
  of	
  a	
  ubiquitous	
  protein	
  folding	
  quality	
  control	
  chaperone.	
  Interruption	
  of	
  

the	
   calnexin	
   gene	
   with	
   gene-­‐trapping	
   techniques	
   resulted	
   in	
   total	
   loss	
   of	
  

calnexin	
   protein	
   expression.	
   Calnexin-­‐deficient	
   mice	
   demonstrate	
   a	
  

neurological	
  phenotype	
  with	
  a	
  rolling	
  walk,	
  gait	
  disturbance	
  and	
  splaying	
  of	
  

the	
   hind	
   limbs	
   [4].	
   The	
   neurological	
   phenotype	
  was	
   attributable	
   to	
   central	
  

and	
  peripheral	
  myelin	
  defects	
  as	
  assessed	
  by	
  electron	
  microscopy	
  and	
  nerve	
  

conduction	
   velocity	
  measurements.	
  Neuronal	
   growth,	
   number	
   and	
   function	
  

were	
   not	
   impaired.	
   No	
   major	
   other	
   abnormalities	
   were	
   noted	
   in	
   a	
  

comprehensive	
   range	
   of	
   tissues	
   as	
   assessed	
   with	
   histological	
   and	
  

morphological	
  analysis.	
  This	
  indicates	
  calnexin	
  plays	
  a	
  critical	
  role	
  in	
  myelin	
  

systems	
   and	
   contributes	
   to	
   the	
   formation	
   and/or	
   maintenance	
   of	
   myelin	
  

sheaths.	
   It	
   is	
   surprising	
   that	
   we	
   don’t	
   require	
   the	
   ubiquitously	
   expressed	
  

calnexin	
   for	
  viability	
  and	
   its	
   function	
   in	
  most	
   tissues	
   is	
   redundant.	
  Further,	
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that	
   it	
   specifically	
   impacts	
   myelin	
   systems	
   provides	
   a	
   new	
   avenue	
   to	
  

investigate	
  myelin	
  processes	
  and	
  pathology.	
  	
  

Calnexin	
  and	
  Myelination	
  

The	
  myelin	
  sheath	
   is	
  a	
  unique	
  entity	
  composed	
  of	
   large	
  quantities	
  of	
  

specific	
  lipids	
  and	
  specialized	
  proteins.	
  Misfolded	
  and	
  absent	
  myelin	
  proteins	
  

are	
   known	
   to	
   contribute	
   to	
   myelin	
   pathology	
   in	
   many	
   diseases	
   such	
   as	
  

Charcot-­‐Marie-­‐Tooth.	
   Many	
   myelin	
   proteins	
   are	
   glycosylated	
   membrane	
  

proteins	
   and	
   thus	
  would	
   be	
   typical	
   calnexin	
   folding	
   substrates.	
   Calnexin	
   is	
  

known	
   to	
   interact	
   with	
  myelin	
   structural	
   glycoproteins	
   PMP22	
   [5]	
   and	
   P0	
  

and	
   in	
   the	
   absence	
   of	
   calnexin,	
   PMP22	
   and	
   P0	
   are	
   misfolded	
   and	
  

dysfunctional	
  as	
  adhesive	
  structural	
  proteins	
   [6].	
  Calnexin	
   is	
  also	
  known	
  to	
  

interact	
   with	
   myelin	
   oligodendrocyte	
   glycoprotein	
   (MOG),	
   a	
   highly	
  

immunogenic	
  myelin	
  protein	
  found	
  in	
  the	
  central	
  nervous	
  system	
  [7].	
  Thus,	
  

calnexin	
   is	
   a	
   known	
   obligate	
   chaperone	
   for	
   glycosylated	
   myelin	
   proteins.	
  

Calnexin	
  may	
  also	
  be	
  important	
  for	
  membrane	
  myelin	
  protein	
  quality	
  control	
  

as	
   a	
   transmembrane	
   protein	
   itself.	
   Proteolipid	
   protein	
   (PLP),	
   the	
   major	
  

membrane	
  protein	
  of	
  the	
  central	
  nervous	
  system,	
  interacts	
  with	
  calnexin	
  in	
  a	
  

glycan-­‐independent	
   manner	
   where	
   calnexin	
   specifically	
   binds	
   the	
   fourth	
  

transmembrane	
  segment	
  of	
  PLP.	
  This	
  indicates	
  calnexin	
  provides	
  the	
  quality	
  

control	
   checkpoint	
   for	
   both	
   glycosylated	
   and	
   non-­‐glycosylated	
   myelin	
  

proteins	
   and	
   the	
   absence	
   of	
   calnexin	
   likely	
   results	
   in	
   the	
   expression	
   of	
  

misfolded	
   and	
   non-­‐functional	
   myelin	
   proteins	
   that	
   cannot	
   form	
   compact	
  

myelin	
  sheaths.	
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Determining	
  Folding	
  Substrate	
  Specificity:	
  Calnexin	
  versus	
  Calreticulin	
  

Why	
   does	
   calreticulin	
   not	
   compensate	
   as	
   a	
   folding	
   chaperone	
   for	
  

myelin	
   proteins?	
   Considering	
   the	
   similarity	
   between	
   calreticulin	
   and	
  

calnexin,	
  one	
  might	
  expect	
  calreticulin	
  to	
  compensate	
  as	
  a	
  folding	
  chaperone	
  

for	
  calnexin,	
  and	
  it	
  seems	
  to	
  do	
  so	
  in	
  most	
  tissues	
  in	
  the	
  absence	
  of	
  calnexin.	
  

One	
  possible	
  explanation	
  for	
  this	
  lack	
  of	
  compensatory	
  redundancy	
  in	
  myelin	
  

systems	
   is	
   calnexin’s	
   transmembrane	
   domain	
   and	
   unique	
   cytoplasmic	
   tail.	
  

Membrane	
   anchoring	
   of	
   calnexin	
   restricts	
   its	
   spatial	
   proximity	
   and	
   may	
  

encourage	
  a	
  preferential	
  interaction	
  with	
  transmembrane	
  myelin	
  proteins.	
  In	
  

fact,	
   when	
   calreticulin	
   is	
   membrane-­‐anchored	
   with	
   calnexin’s	
  

transmembrane	
  domain,	
  its	
  substrate	
  specificity	
  is	
  more	
  similar	
  to	
  calnexin’s	
  

[2].	
  Being	
  membrane	
  bound	
  appears	
   to	
  help	
  determine	
  calnexin’s	
  substrate	
  

specificity	
   as	
   calnexin	
  without	
   its	
   transmembrane	
   domain	
   and	
   cytoplasmic	
  

tail	
  has	
  substrate	
  specificity	
  similar	
  to	
  calreticulin.	
  However,	
  the	
  requirement	
  

of	
   calnexin’s	
   transmembrane	
   domain	
   specifically	
   or	
   any	
   transmembrane	
  

segment	
   may	
   depend	
   on	
   the	
   particular	
   folding	
   substrate.	
   Replacement	
   of	
  

calnexin’s	
   transmembrane	
   domain	
   with	
   the	
   transmembrane	
   segment	
   from	
  

the	
   adenovirus	
   E3/19K	
   glycoprotein	
   resulted	
   in	
   binding	
   to	
   a	
   similar	
   set	
   of	
  

glycoproteins	
   [2].	
   Further,	
   membrane	
   proximity	
   of	
   calnexin,	
   whether	
  

conferred	
   through	
   its	
   own	
  membrane	
   domain	
   or	
   a	
   foreign	
   transmembrane	
  

segment,	
   is	
   important	
   for	
   interaction	
   with	
   lymphocyte	
   tyrosine	
   kinase,	
  

membrane	
   IgM	
   and	
   human	
  MHC	
   class	
   I	
   heavy	
   chain	
   [8].	
   These	
   substrates	
  

appear	
   to	
   only	
   require	
   the	
   membrane	
   proximity	
   of	
   calnexin	
   and	
   not	
   its	
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transmembrane	
  domain	
  specifically.	
  Yet,	
  the	
  transmembrane	
  domain	
  and/or	
  

cytoplasmic	
  tail	
  of	
  calnexin	
  could	
  directly	
  mediate	
  an	
  interaction	
  with	
  myelin	
  

proteins.	
   Calnexin	
   is	
   the	
   molecular	
   chaperone	
   for	
   PLP	
   albeit	
   in	
   a	
   glycan	
  

independent	
  manner	
  [9].	
  Calnexin	
  interacts	
  with	
  the	
  fourth	
  transmembrane	
  

domain	
   of	
   PLP	
   and	
   a	
   glycan-­‐independent	
   quality	
   control	
   mechanism	
   was	
  

proposed	
  where	
   calnexin	
   binds	
  misfolded	
   or	
   unassembled	
   transmembrane	
  

domains	
   [9].	
   A	
   role	
   for	
   the	
   calnexin	
   C-­‐tail	
   in	
   substrate	
   interaction	
   was	
  

indicated	
   in	
   a	
   recent	
   study	
   where	
   phosphorylation	
   of	
   the	
   calnexin	
   tail	
  

impacts	
  the	
  retention	
  and	
  degradation	
  of	
  folding	
  substrate	
  glycoprotein	
  AAT	
  

[10].	
  Thus,	
   the	
   transmembrane	
  domain	
  and	
  C-­‐tail	
  play	
  a	
   role	
   in	
  chaperone-­‐

mediated	
   quality	
   control	
   and	
   post-­‐translational	
   modification	
   of	
   the	
   C-­‐tail	
  

modulates	
   cross-­‐membrane	
   communication.	
   Thus,	
   considering	
   the	
  

chaperone	
   activity	
   of	
   calreticulin	
   and	
   calnexin	
   is	
   not	
   interchangeable	
   for	
  

myelin	
  proteins,	
  the	
  transmembrane	
  domain	
  and	
  C-­‐tail	
  of	
  calnexin	
  are	
  likely	
  

very	
   important	
   for	
  myelin	
   protein	
   quality	
   control.	
   A	
   lack	
   of	
   compensatory	
  

redundancy	
   also	
   highlights	
   functional	
   differences	
   between	
   these	
   two	
   key	
  

quality	
  control	
  chaperones.	
  

Calnexin	
  as	
  the	
  Prototype	
  Chaperone	
  

Previous	
   mouse	
   models	
   of	
   ER	
   chaperone-­‐deficiency	
   almost	
  

exclusively	
   result	
   in	
   embryonic	
   lethality.	
   Calreticulin-­‐deficient	
   mice	
   are	
  

embryonic	
  lethal	
  before	
  day	
  18	
  due	
  to	
  a	
  defect	
  in	
  ventricular	
  wall	
  formation	
  

in	
  the	
  heart	
  [11].	
  This	
  embryonic	
  lethality	
  is	
  reversible	
  with	
  cardiac-­‐specific	
  

expression	
  of	
  active	
  calcineurin	
  [12]	
  as	
  it	
  circumvents	
  calreticulin-­‐dependent	
  



	
  

184	
  
 

maintenance	
   of	
   ER	
   Ca2+	
   stores.	
   This	
   highlights	
   the	
   importance	
   of	
   Ca2+	
  

dependent	
  pathways	
  downstream	
  of	
  calreticulin	
  in	
  cardiac	
  development	
  and	
  

demonstrates	
   the	
   most	
   critical	
   role	
   of	
   calreticulin	
   is	
   not	
   as	
   a	
   molecular	
  

chaperone	
  but	
  as	
  a	
  major	
  Ca2+	
  binding	
  molecule.	
  Targeted	
  disruption	
  of	
  the	
  

78-­‐kDa	
   glucose-­‐regulated	
   protein	
   GRP78	
   (also	
   known	
   as	
   immunoglobulin	
  

binding	
   protein	
   BiP),	
   a	
   stress-­‐inducible	
   ER	
   chaperone	
   of	
   the	
   heat	
   shock	
  

protein	
  70	
  (HSP70)	
  family,	
  results	
  in	
  lethality	
  at	
  the	
  peri-­‐implantation	
  stage	
  

due	
  to	
  a	
  general	
  proliferation	
  defect	
  and	
  increased	
  apoptosis	
  of	
  the	
  inner	
  cell	
  

mass	
  of	
  the	
  blastocysts	
  [13].	
  Early	
  embryonic	
  lethality	
  is	
  also	
  seen	
  in	
  glucose-­‐

regulated	
   protein	
   94,	
   a	
   stress-­‐inducible	
   ER	
   chaperone	
   of	
   the	
  HSP90	
   family	
  

[14].	
  GRP94	
  is	
  not	
  a	
  chaperone	
  required	
  for	
  global	
  protein	
  folding	
  and	
  it	
  has	
  

a	
  limited	
  number	
  of	
  known	
  folding	
  substrates.	
  Lethality	
  is	
  seen	
  at	
  embryonic	
  

day	
   6.5	
   due	
   to	
   a	
   defect	
   in	
   gastrulation	
   and	
  mesoderm	
   induction	
   [14].	
   That	
  

disruption	
   of	
   ubiquitously	
   expressed	
   calnexin	
   does	
   not	
   result	
   in	
   the	
  

embryonic	
   lethality	
   so	
   commonly	
   associated	
   with	
   chaperone-­‐deficiency	
  

supports	
   its	
   specific	
   role	
   in	
   myelin	
   systems,	
   as	
   myelination	
   is	
   initiated	
  

postnatally.	
  As	
  such,	
  calnexin	
  may	
  provide	
  an	
  ideal	
  prototype	
  for	
  a	
  molecular	
  

chaperone.	
   Calnexin-­‐deficiency	
   in	
   mice	
   indicates	
   that	
   its	
   most	
   critical	
  

function	
   is	
   as	
   an	
   upstream	
   regulator	
   of	
  myelin	
   protein	
   quality	
   control	
   and	
  

subsequent	
  formation	
  and	
  maintenance	
  of	
  compact	
  myelin	
  sheaths.	
  

As	
  calnexin	
  provides	
  an	
  upstream	
  regulator	
  of	
  myelin	
  protein	
  folding	
  

and	
   quality	
   control,	
   it	
   is	
   possible	
   that	
   problems	
   with	
   calnexin	
   could	
  

contribute	
   to	
   myelin-­‐related	
   neuropathies	
   in	
   humans.	
   As	
   calnexin	
   is	
   not	
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required	
   for	
   viability,	
   calnexin	
   gene	
   polymorphisms	
   are	
   plausible	
   in	
   the	
  

human	
   population.	
   Considering	
   a	
   hallmark	
   of	
   myelin	
   disease	
   is	
   its	
  

heterogeneity,	
   calnexin	
   gene	
   polymorphisms	
   could	
   contribute	
   to	
   the	
  

diversity	
   of	
   disease	
   presentation.	
   Investigation	
   of	
   calnexin	
   gene	
  

polymorphisms	
   in	
   patients	
   with	
   myelin	
   disease	
   will	
   indicate	
   if	
   there	
   is	
   a	
  

genetic	
  basis	
  for	
  calnexin	
  in	
  human	
  diseases	
  such	
  as	
  Charcot-­‐Marie-­‐Tooth	
  or	
  

even	
  in	
  neuropathies	
  with	
  unknown	
  molecular	
  mechanisms.	
  Additionally,	
  as	
  

a	
  regulator	
  of	
  myelin	
  protein	
  folding	
  and	
  subsequent	
  function,	
  modulation	
  of	
  

calnexin	
  function	
  provides	
  an	
  upstream	
  therapeutic	
  target	
  to	
  improve	
  myelin	
  

disease	
  pathology.	
  	
  

Calnexin	
   gene	
   polymorphisms	
   could	
   result	
   in	
   two	
   foreseeable	
  

outcomes:	
   premature	
   release	
   of	
   unfolded/misfolded	
   myelin	
   proteins	
   from	
  

the	
   quality	
   control	
   system,	
   resulting	
   in	
   the	
   trafficking	
   and	
   cell	
   surface	
  

expression	
  of	
  misfolded	
  myelin	
  proteins	
  or	
  accumulation	
  of	
  myelin	
  proteins	
  

in	
  the	
  ER	
  as	
  a	
  result	
  of	
  aberrant	
  retention.	
  The	
  severity	
  of	
  myelin	
  disease	
  can	
  

be	
   related	
   to	
   the	
   degree	
   of	
   intracellular	
   retention	
   of	
   the	
  misfolded	
  myelin	
  

protein	
   causing	
   the	
   disease.	
   Thus	
  modulating	
   calnexin’s	
   chaperone	
   activity	
  

and	
  promoting	
  either	
  retention	
  or	
  release	
  of	
  folding	
  substrates	
  could	
  lessen	
  

the	
   pathology	
   severity.	
   Overcoming	
   retention	
   of	
  misfolded	
  myelin	
   proteins	
  

has	
   been	
   shown	
   to	
   have	
   some	
   beneficial	
   impact.	
   Curcumin,	
   a	
   dietary	
  

supplement	
  found	
  in	
  turmeric,	
  has	
  been	
  shown	
  to	
  stimulate	
  the	
  translocation	
  

of	
  ER	
  retained	
  mutant	
  myelin	
  P0	
  and	
  subsequently	
  reduce	
  apoptosis	
  induced	
  

by	
  P0	
  mutant	
  accumulation	
  [15].	
  However,	
  one	
  must	
  consider	
  the	
  dichotomy	
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of	
   retention	
   versus	
   release	
   of	
  mutant	
   proteins:	
   overcoming	
  myelin	
   protein	
  

retention	
  could	
  alleviate	
  the	
  severity	
  of	
  disease	
  but	
  the	
  insertion	
  of	
  misfolded	
  

myelin	
   proteins	
   at	
   the	
   surface	
  membrane	
   could	
   lead	
   to	
   a	
   very	
   detrimental	
  

demyelinating	
   inflammatory	
   immune	
   response.	
   Experimental	
   autoimmune	
  

encephalomyelitis	
   (EAE)	
   is	
   a	
   mouse	
   model	
   used	
   to	
   study	
   autoantibody	
  

mediated	
   demyelination	
   reminiscent	
   of	
   Multiple	
   Sclerosis	
   and	
   is	
   induced	
  

with	
  injection	
  of	
  myelin	
  protein	
  MOG	
  or	
  MOG35-­‐55	
  peptide.	
  Further	
  studies	
  in	
  

animal	
   models	
   are	
   required	
   to	
   examine	
   the	
   benefits	
   of	
   overcoming	
   ER	
  

retention	
   of	
  mutant	
   proteins	
   in	
   the	
   context	
   of	
   an	
   immune	
   system.	
   Another	
  

consideration	
   is	
   how	
   do	
  we	
   target	
   a	
   ubiquitous	
   chaperone	
   involved	
   in	
   the	
  

folding	
   of	
   any	
   proximal	
   glycosylated	
   substrate	
   without	
   inadvertent	
  

detrimental	
  consequences?	
  The	
  modifiable	
  C-­‐tail	
  of	
  calnexin	
  could	
  provide	
  a	
  

good	
   target	
   as	
   blocking	
   or	
   enhancing	
   specific	
   modification	
   would	
   directly	
  

impact	
  calnexin,	
  and	
  thus	
  its	
  substrates.	
  	
  

The	
  Unique	
  Calnexin	
  C-­‐tail	
  

	
   The	
   calnexin	
  C-­‐tail	
   is	
   a	
  highly	
   conserved,	
  unique	
  domain	
   that	
   allows	
  

the	
  molecular	
  chaperone	
  to	
  bridge	
  two	
  distinctive	
  cellular	
  compartments,	
  the	
  

ER	
  lumen	
  and	
  the	
  cytoplasm.	
  The	
  ER	
  luminal	
  domain	
  of	
  calnexin	
  is	
  classically	
  

considered	
   the	
   “chaperone”	
   segment	
   of	
   calnexin	
   and	
   has	
   been	
   more	
  

extensively	
  studied	
   than	
   the	
  cytoplasmic	
  domain	
  of	
   the	
  molecule.	
  To	
  define	
  

the	
   function	
   of	
   the	
   C-­‐tail,	
   our	
   approach	
   in	
   this	
   study	
   was	
   to	
   examine	
   the	
  

structural	
  and	
  biophysical	
  characteristics	
  of	
  the	
  C-­‐tail	
  as	
  well	
  as	
   its	
  protein-­‐

binding	
  partners.	
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Structural	
  and	
  Biophysical	
  Characteristics	
  

The	
   structure	
   and	
   biophysical	
   characteristics	
   of	
   the	
   calnexin	
  

cytoplasmic	
   domain	
   have	
   not	
   been	
   previously	
   determined.	
   Our	
   structural	
  

characterization	
  of	
  the	
  C-­‐tail	
  reveals	
  that	
  the	
  cytoplasmic	
  domain	
  is	
  a	
  random	
  

coil	
   and	
   lacks	
   nascent	
   structure.	
   In	
   addition,	
   it	
   binds	
   Ca2+	
   and	
   can	
   self-­‐

associate,	
  forming	
  homo-­‐dimers.	
  An	
  unstructured	
  cytoplasmic	
  tail	
  provides	
  a	
  

very	
  flexible	
  template	
  for	
  protein-­‐protein	
  interactions	
  and	
  post-­‐translational	
  

modifications	
  as	
  it	
  theoretically	
  can	
  adopt	
  any	
  conformation	
  for	
  modification	
  

or	
   protein	
   binding.	
   It	
   remains	
   to	
   be	
   investigated	
   if	
   C-­‐tail	
   structure	
   is	
  

conferred	
   when	
   it	
   interacts	
   with	
   other	
   proteins	
   or	
   is	
   post-­‐translationally	
  

modified.	
   Dimerization	
   of	
   the	
   C-­‐tail	
   needs	
   to	
   be	
   confirmed	
   in	
   vivo	
   as	
   self-­‐

association	
   might	
   only	
   be	
   seen	
   with	
   non-­‐anchored	
   segments	
   such	
   as	
   the	
  

expressed	
   protein	
   construct.	
   However,	
   calnexin	
   self-­‐association	
   could	
   have	
  

interesting	
   implications	
   as	
   it	
   may	
   provide	
   an	
   additional	
   mechanism	
   of	
  

regulation.	
  For	
  example,	
   self-­‐association	
  could	
  nucleate	
  calnexin	
   to	
  areas	
  of	
  

active	
   protein	
   folding.	
   Alternatively,	
   calnexin	
   binding	
   to	
   itself	
   could	
   block	
  

other	
   protein	
   interactions.	
   This	
   self-­‐association	
   could	
   additionally	
   be	
  

regulated	
   by	
   post-­‐translational	
   modification	
   of	
   the	
   tail.	
  While	
   we	
   can	
   only	
  

extrapolate	
  the	
  in	
  vivo	
   function	
  of	
  the	
  observed	
  calnexin	
  C-­‐tail	
  dimerization,	
  

structural	
   analysis	
   of	
   the	
   C-­‐tail	
   indicates	
   it	
   provides	
   an	
   ideal	
   substrate	
   for	
  

regulation	
  by	
  post-­‐translational	
  modification	
  and	
  protein-­‐binding	
  partners.	
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Protein-­‐binding	
  Partners	
  

	
   We	
  used	
  yeast-­‐two-­‐hybrid	
  techniques	
  with	
  the	
  C-­‐tail	
  as	
  bait	
  to	
  screen	
  

for	
   novel	
   interacting	
   proteins.	
   Nine	
   different	
   interacting	
   proteins	
   were	
  

identified	
   including	
   UBC9,	
   an	
   E2	
   SUMOylation	
   ligase.	
   Additional	
   proteins	
  

identified	
  included	
  RanBP9,	
  an	
  unknown	
  RIKEN	
  clone,	
  SGIP1,	
  and	
  a	
  Na+/K+-­‐

ATPase.	
   This	
   study	
   identifies	
   a	
   novel	
   in	
   vivo	
   interaction	
   of	
   UBC9	
   with	
   the	
  

calnexin	
   C-­‐tail.	
   Additionally,	
   the	
   C-­‐tail	
   can	
   be	
  modified	
   by	
   SUMO	
   at	
   Lys506.	
  

Interaction	
  with	
  UBC9	
  and	
  SUMOylation	
  of	
  the	
  C-­‐tail	
  could	
  have	
  a	
  number	
  of	
  

functional	
   consequences.	
   Interaction	
   with	
   the	
   calnexin	
   C-­‐tail	
   brings	
   UBC9	
  

into	
   proximity	
   of	
   ER	
   membranes	
   where	
   it	
   could	
   SUMOylate	
   ER	
   localized	
  

substrates.	
   Calnexin	
   interacts	
   with	
   EDEM,	
   a	
   component	
   of	
   ER-­‐associated	
  

degradation,	
   through	
   its	
   transmembrane	
   domain	
   in	
   order	
   to	
   transfer	
  

terminally	
  misfolded	
  glycoproteins	
   [16]	
  which	
  would	
  bring	
   calnexin,	
  UBC9,	
  

EDEM,	
   and	
   the	
   retrotranslocon	
   into	
   close	
   proximity.	
   Ubiquitination	
   of	
  

substrates	
   is	
   a	
   necessary	
   step	
   in	
   targeting	
   to	
   the	
   26S	
   proteasome	
   for	
  

degradation.	
   SUMO	
   modifies	
   lysine	
   residues	
   of	
   its	
   substrate	
   and	
   this	
  

modification	
   can	
   block	
   ubiquinination	
   of	
   the	
   same	
   lysine.	
   For	
   example,	
   the	
  

cytoplasmic	
   inhibitor	
   of	
  NF-­‐κB,	
   IκBα,	
   can	
   be	
   SUMOylated	
   at	
   Lys21	
  which	
   is	
  

the	
  same	
  lysine	
  for	
  ubiquitin	
  modification.	
  SUMO-­‐1-­‐	
  modified	
  IκBα	
  cannot	
  be	
  

ubiquitinated	
  and	
   is	
  resistant	
   to	
  proteasome-­‐mediated	
  degradation	
  [17].	
  As	
  

ubiquitination	
  is	
  a	
  critical	
  part	
  of	
  proteasomal	
  targeting,	
  one	
  could	
  speculate	
  

that	
  UBC9	
  interaction	
  with	
  the	
  calnexin	
  C-­‐tail	
  could	
  bring	
  it	
  into	
  proximity	
  of	
  

the	
   ERAD	
   machinery	
   where	
   it	
   might	
   compete	
   with	
   ubiquitin	
   ligases	
   for	
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modification	
   of	
   substrate	
   lysines	
   in	
   order	
   block	
   or	
   delay	
   degradation.	
  

However,	
  while	
   SUMOylation	
  has	
  previously	
   been	
   considered	
   antagonist	
   to	
  

ubiquitination,	
  it	
  has	
  recently	
  been	
  discovered	
  that	
  SUMOylation	
  itself	
  acts	
  as	
  

a	
  signal	
  to	
  mediate	
  ubiquitin-­‐dependent	
  degradation	
  by	
  the	
  proteasome	
  [18].	
  

Several	
   groups	
   independently	
   identified	
   a	
   new	
   subgroup	
   of	
   RING	
   finger	
  

ubiquitin	
  ligases	
  containing	
  multiple	
  SUMO-­‐interacting	
  motifs	
  (SIMs).	
  Called	
  

SUMO-­‐targeted	
  ubiquitin	
   ligases	
   (STUbls),	
   they	
   recognize	
   SUMO	
  as	
   a	
   signal	
  

for	
   ubiquitination	
   of	
   the	
   substrate	
   [19-­‐22].	
   The	
   extent	
   of	
   SUMOylation	
   of	
  

particular	
   substrates	
   has	
   been	
   proposed	
   as	
   quality	
   control	
   mechanism.	
   A	
  

mutant	
   version	
   of	
   Mot1,	
   a	
   regulator	
   of	
   TATA-­‐binding	
   protein	
   (TBP),	
  

demonstrates	
   increased	
   SUMOylation	
   and	
   subsequent	
   degradation	
   [23].	
  

Whether	
   it	
   blocks	
   or	
   enhances	
   ubiquitination	
   of	
   misfolded	
   substrates,	
  

SUMOylation	
  mediated	
  by	
  UBC9	
  bound	
  to	
  the	
  calnexin	
  C-­‐tail	
  could	
  impact	
  on	
  

ER-­‐associated	
   degradation	
   pathways.	
   The	
   spatial	
   proximity	
   provided	
   by	
  

UBC9	
  binding	
   to	
   the	
  calnexin	
  C-­‐tail	
  might	
  also	
  permit	
  modification	
  of	
  other	
  

ER	
  resident	
  transmembrane	
  proteins	
  and	
  not	
  just	
  ERAD	
  substrates.	
  However,	
  

calnexin	
  C-­‐tail	
  SUMOylation	
  was	
  detected	
  in	
  vivo	
  and	
  it	
  is	
  possible	
  that	
  UBC9	
  

binding	
   to	
   the	
  C-­‐tail	
   functions	
  only	
   to	
  SUMOylate	
   the	
  C-­‐tail.	
  SUMOylation	
  of	
  

the	
  C-­‐tail	
  could	
  regulate	
  calnexin’s	
  interaction	
  with	
  other	
  proteins	
  or	
  folding	
  

substrates,	
  similar	
  to	
  the	
  differential	
  effects	
  of	
  calnexin	
  phosphorylation.	
  It	
  is	
  

worth	
  noting	
  that	
  modifying	
  the	
  C-­‐tail	
  with	
  SUMO	
  is	
  the	
  covalent	
  addition	
  of	
  

a	
   protein	
  modification	
   that	
   is	
   approximately	
   the	
   same	
   amino	
   acid	
   number	
  

and	
   molecular	
   weight	
   as	
   the	
   entire	
   C-­‐tail.	
   Such	
   a	
   large	
   addition	
   might	
   be	
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expected	
  to	
  significantly	
  impact	
  on	
  C-­‐tail	
  protein	
  interactions	
  and	
  potentially	
  

the	
   flexibility	
   identified	
   in	
   our	
   structural	
   analyses	
   of	
   unmodified	
   C-­‐tail.	
  

Determining	
   the	
   cellular	
   conditions	
   under	
   which	
   calnexin	
   SUMOylation	
   is	
  

enhanced	
   will	
   provide	
   a	
   direction	
   to	
   investigate	
   the	
   function	
   of	
   calnexin	
  

SUMO-­‐modification.	
  

The	
  yeast-­‐two-­‐hybrid	
  screen	
  also	
  revealed	
  an	
  interaction	
  of	
  the	
  C-­‐tail	
  

with	
   RanBPM,	
   a	
   nucleo-­‐cytoplasmic	
   shuttling	
   protein	
   that	
   has	
   been	
  

postulated	
   to	
   be	
   an	
   E3	
   SUMO	
   ligase.	
   We	
   observed	
   some	
   degree	
   of	
   co-­‐

localization	
   between	
   RanBPM	
   and	
   calnexin	
   and	
   preliminary	
  

immunoprecipitation	
   experiments	
   indicate	
   that	
   RanBPM	
   and	
   calnexin	
   do	
  

interact.	
  This	
   implicates	
   that	
  RanBPM	
  may	
  provide	
  additional	
  E3	
  specificity	
  

for	
  calnexin	
  SUMOylation.	
  	
  	
  	
  	
  

	
   Another	
   protein	
   identified	
   in	
   the	
   yeast-­‐2-­‐hybrid	
   screen	
   as	
   a	
   C-­‐tail	
  

interacting	
  protein	
  is	
  Src	
  homology	
  3-­‐domain	
  growth	
  factor	
  receptor-­‐bound	
  

2-­‐like	
   (Endophilin)	
   interacting	
   protein	
   1	
   (SGIP1)	
   [24].	
   SGIP1	
   was	
   first	
  

identified	
  as	
  a	
  neuronal	
  protein	
  involved	
  in	
  the	
  regulation	
  of	
  energy	
  balance	
  

and	
  has	
  since	
  been	
  implicated	
  to	
  play	
  a	
  role	
  in	
  clathrin-­‐mediated	
  endocytosis	
  

[25,	
  26].	
  Cerebellar	
  granule	
  cells	
  were	
  isolated	
  from	
  wild-­‐type	
  and	
  calnexin-­‐

deficient	
  mice	
  and	
  used	
  to	
  assess	
   transferrin	
  uptake,	
  a	
  measure	
  of	
  clathrin-­‐

dependent	
   endocytosis	
   [24].	
   Calnexin-­‐deficiency	
   leads	
   to	
   increased	
  

endocytotic	
   activity	
   in	
   cultured	
   fibroblast	
   and	
   neuronal	
   cells	
   and	
   a	
  

corresponding	
   increase	
   in	
   synaptic	
   vesicles	
   is	
   visible	
   in	
   the	
   hypothalamus.	
  

Expression	
   of	
   full-­‐length	
   calnexin	
   or	
   the	
   C-­‐tail	
   alone	
   reduces	
   the	
   increased	
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transferrin	
   uptake	
   in	
   calnexin-­‐deficient	
   cells.	
   Thus,	
   the	
   C-­‐tail	
   is	
   a	
   potent	
  

inhibitor	
  of	
  clathrin-­‐dependent	
  endocytosis	
  in	
  neuronal	
  cells	
  [24].	
  	
  

The	
  Multi-­‐faceted	
  Molecular	
  Chaperone	
   	
  

Together,	
   this	
   study	
   has	
   identified	
   calnexin	
   as	
   a	
   novel	
   candidate	
   in	
  

myelin	
   formation	
   and	
   maintenance.	
   Additionally,	
   the	
   calnexin	
   C-­‐tail	
   is	
   a	
  

malleable	
  template	
  that	
  interacts	
  with	
  a	
  number	
  of	
  proteins	
  including	
  UBC9	
  

and	
  here	
  we	
   identify	
   SUMOylation	
   as	
   an	
   additional	
  C-­‐tail	
   post-­‐translational	
  

modification.	
  Most	
  importantly,	
  this	
  study	
  implicates	
  calnexin	
  in	
  several	
  new	
  

pathways	
  and	
  opens	
  up	
  new	
  avenues	
  for	
  investigation	
  that	
  will	
  impact	
  on	
  our	
  

understanding	
  of	
  cellular	
  quality	
  control	
  and	
  could	
   lead	
   to	
  new	
  therapeutic	
  

approaches	
  to	
  myelin	
  disease.	
  

	
  
	
  

	
   	
  



	
  

192	
  
 

References	
  

	
  
	
  
	
  

1.	
   Molinari,	
  M.,	
  K.K.	
  Eriksson,	
  V.	
  Calanca,	
  C.	
  Galli,	
  P.	
  Cresswell,	
  M.	
  
Michalak,	
  and	
  A.	
  Helenius,	
  Contrasting	
  functions	
  of	
  calreticulin	
  and	
  
calnexin	
  in	
  glycoprotein	
  folding	
  and	
  ER	
  quality	
  control.	
  Mol.	
  Cell,	
  2004.	
  
13(1):	
  p.	
  125-­‐135.	
  

2.	
   Danilczyk,	
  U.G.,	
  M.F.	
  Cohen-­‐Doyle,	
  and	
  D.B.	
  Williams,	
  Functional	
  
relationship	
  between	
  calreticulin,	
  calnexin,	
  and	
  the	
  endoplasmic	
  
reticulum	
  luminal	
  domain	
  of	
  calnexin.	
  J.	
  Biol.	
  Chem.,	
  2000.	
  275:	
  p.	
  
13089-­‐13097.	
  

3.	
   Pipe,	
  S.W.,	
  J.A.	
  Morris,	
  J.	
  Shah,	
  and	
  R.J.	
  Kaufman,	
  Differential	
  interaction	
  
of	
  coagulation	
  factor	
  VIII	
  and	
  factor	
  V	
  with	
  protein	
  chaperones	
  calnexin	
  
and	
  calreticulin.	
  J.	
  Biol.	
  Chem.,	
  1998.	
  273:	
  p.	
  8537-­‐8544.	
  

4.	
   Kraus,	
  A.,	
  J.	
  Groenendyk,	
  K.	
  Bedard,	
  T.A.	
  Baldwin,	
  K.H.	
  Krause,	
  M.	
  
Dubois-­‐Dauphin,	
  J.	
  Dyck,	
  E.E.	
  Rosenbaum,	
  L.	
  Korngut,	
  N.J.	
  Colley,	
  S.	
  
Gosgnach,	
  D.	
  Zochodne,	
  K.	
  Todd,	
  L.B.	
  Agellon,	
  and	
  M.	
  Michalak,	
  
Calnexin	
  deficiency	
  leads	
  to	
  dysmyelination.	
  J	
  Biol	
  Chem,	
  2010.	
  
285(24):	
  p.	
  18928-­‐18938.	
  

5.	
   Dickson,	
  K.M.,	
  J.J.	
  Bergeron,	
  I.	
  Shames,	
  J.	
  Colby,	
  D.T.	
  Nguyen,	
  E.	
  Chevet,	
  
D.Y.	
  Thomas,	
  and	
  G.J.	
  Snipes,	
  Association	
  of	
  calnexin	
  with	
  mutant	
  
peripheral	
  myelin	
  protein-­‐22	
  ex	
  vivo:	
  a	
  basis	
  for	
  "gain-­‐of-­‐function"	
  ER	
  
diseases.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A,	
  2002.	
  99(15):	
  p.	
  9852-­‐9857.	
  

6.	
   Jung,	
  J.,	
  H.	
  Coe,	
  and	
  M.	
  Michalak,	
  Specialization	
  of	
  endoplasmic	
  
reticulum	
  chaperones	
  for	
  the	
  folding	
  and	
  function	
  of	
  myelin	
  
glycoproteins	
  P0	
  and	
  PMP22.	
  Faseb	
  J,	
  2011.	
  

7.	
   Jung,	
  J.	
  and	
  M.	
  Michalak,	
  Cell	
  surface	
  targeting	
  of	
  myelin	
  
oligodendrocyte	
  glycoprotein	
  (MOG)	
  in	
  the	
  absence	
  of	
  endoplasmic	
  
reticulum	
  molecular	
  chaperones.	
  Biochim	
  Biophys	
  Acta,	
  2011.	
  
1813(5):	
  p.	
  1105-­‐1110.	
  

8.	
   Ho,	
  S.C.,	
  S.	
  Rajagopalan,	
  S.	
  Chaudhuri,	
  C.C.	
  Shieh,	
  M.B.	
  Brenner,	
  and	
  S.	
  
Pillai,	
  Membrane	
  anchoring	
  of	
  calnexin	
  facilitates	
  its	
  interaction	
  with	
  its	
  
targets.	
  Mol	
  Immunol,	
  1999.	
  36(1):	
  p.	
  1-­‐12.	
  

9.	
   Swanton,	
  E.,	
  S.	
  High,	
  and	
  P.	
  Woodman,	
  Role	
  of	
  calnexin	
  in	
  the	
  glycan-­‐
independent	
  quality	
  control	
  of	
  proteolipid	
  protein.	
  EMBO	
  J,	
  2003.	
  
22(12):	
  p.	
  2948-­‐2958.	
  

10.	
   Cameron,	
  P.H.,	
  E.	
  Chevet,	
  O.	
  Pluquet,	
  D.Y.	
  Thomas,	
  and	
  J.J.	
  Bergeron,	
  
Calnexin	
  phosphorylation	
  attenuates	
  the	
  release	
  of	
  partially	
  misfolded	
  
alpha1-­‐antitrypsin	
  to	
  the	
  secretory	
  pathway.	
  J	
  Biol	
  Chem,	
  2009.	
  
284(50):	
  p.	
  34570-­‐34579.	
  

11.	
   Mesaeli,	
  N.,	
  K.	
  Nakamura,	
  E.	
  Zvaritch,	
  P.	
  Dickie,	
  E.	
  Dziak,	
  K.-­‐H.	
  Krause,	
  
M.	
  Opas,	
  D.H.	
  MacLennan,	
  and	
  M.	
  Michalak,	
  Calreticulin	
  is	
  essential	
  for	
  
cardiac	
  development.	
  J.	
  Cell	
  Biol.,	
  1999.	
  144:	
  p.	
  857-­‐868.	
  



	
  

193	
  
 

12.	
   Guo,	
  L.,	
  K.	
  Nakamura,	
  J.	
  Lynch,	
  M.	
  Opas,	
  E.N.	
  Olson,	
  L.B.	
  Agellon,	
  and	
  M.	
  
Michalak,	
  Cardiac-­‐specific	
  expression	
  of	
  calcineurin	
  reverses	
  embryonic	
  
lethality	
  in	
  calreticulin-­‐deficient	
  mouse.	
  J.	
  Biol.	
  Chem.,	
  2002.	
  277(52):	
  
p.	
  50776-­‐50779.	
  

13.	
   Luo,	
  S.,	
  C.	
  Mao,	
  B.	
  Lee,	
  and	
  A.S.	
  Lee,	
  GRP78/BiP	
  is	
  required	
  for	
  cell	
  
proliferation	
  and	
  protecting	
  the	
  inner	
  cell	
  mass	
  from	
  apoptosis	
  during	
  
early	
  mouse	
  embryonic	
  development.	
  Mol	
  Cell	
  Biol,	
  2006.	
  26(15):	
  p.	
  
5688-­‐5697.	
  

14.	
   Wanderling,	
  S.,	
  B.B.	
  Simen,	
  O.	
  Ostrovsky,	
  N.T.	
  Ahmed,	
  S.M.	
  Vogen,	
  T.	
  
Gidalevitz,	
  and	
  Y.	
  Argon,	
  GRP94	
  is	
  essential	
  for	
  mesoderm	
  induction	
  and	
  
muscle	
  development	
  because	
  it	
  regulates	
  insulin-­‐like	
  growth	
  factor	
  
secretion.	
  Molecular	
  Biol.	
  Cell,	
  2007.	
  18(10):	
  p.	
  3764-­‐3775.	
  

15.	
   Khajavi,	
  M.,	
  K.	
  Inoue,	
  W.	
  Wiszniewski,	
  T.	
  Ohyama,	
  G.J.	
  Snipes,	
  and	
  J.R.	
  
Lupski,	
  Curcumin	
  treatment	
  abrogates	
  endoplasmic	
  reticulum	
  retention	
  
and	
  aggregation-­‐induced	
  apoptosis	
  associated	
  with	
  neuropathy-­‐causing	
  
myelin	
  protein	
  zero-­‐truncating	
  mutants.	
  Am	
  J	
  Hum	
  Genet,	
  2005.	
  77(5):	
  
p.	
  841-­‐850.	
  

16.	
   Oda,	
  Y.,	
  N.	
  Hosokawa,	
  I.	
  Wada,	
  and	
  K.	
  Nagata,	
  EDEM	
  as	
  an	
  acceptor	
  of	
  
terminally	
  misfolded	
  glycoproteins	
  released	
  from	
  calnexin.	
  Science,	
  
2003.	
  299(5611):	
  p.	
  1394-­‐1397.	
  

17.	
   Desterro,	
  J.M.,	
  M.S.	
  Rodriguez,	
  and	
  R.T.	
  Hay,	
  SUMO-­‐1	
  modification	
  of	
  
IkappaBalpha	
  inhibits	
  NF-­‐kappaB	
  activation.	
  Mol	
  Cell,	
  1998.	
  2(2):	
  p.	
  
233-­‐239.	
  

18.	
   Uzunova,	
  K.,	
  K.	
  Gottsche,	
  M.	
  Miteva,	
  S.R.	
  Weisshaar,	
  C.	
  Glanemann,	
  M.	
  
Schnellhardt,	
  M.	
  Niessen,	
  H.	
  Scheel,	
  K.	
  Hofmann,	
  E.S.	
  Johnson,	
  G.J.	
  
Praefcke,	
  and	
  R.J.	
  Dohmen,	
  Ubiquitin-­‐dependent	
  proteolytic	
  control	
  of	
  
SUMO	
  conjugates.	
  J	
  Biol	
  Chem,	
  2007.	
  282(47):	
  p.	
  34167-­‐34175.	
  

19.	
   Xie,	
  Y.,	
  O.	
  Kerscher,	
  M.B.	
  Kroetz,	
  H.F.	
  McConchie,	
  P.	
  Sung,	
  and	
  M.	
  
Hochstrasser,	
  The	
  yeast	
  Hex3.Slx8	
  heterodimer	
  is	
  a	
  ubiquitin	
  ligase	
  
stimulated	
  by	
  substrate	
  sumoylation.	
  J	
  Biol	
  Chem,	
  2007.	
  282(47):	
  p.	
  
34176-­‐34184.	
  

20.	
   Mullen,	
  J.R.	
  and	
  S.J.	
  Brill,	
  Activation	
  of	
  the	
  Slx5-­‐Slx8	
  ubiquitin	
  ligase	
  by	
  
poly-­‐small	
  ubiquitin-­‐like	
  modifier	
  conjugates.	
  J	
  Biol	
  Chem,	
  2008.	
  
283(29):	
  p.	
  19912-­‐19921.	
  

21.	
   Prudden,	
  J.,	
  S.	
  Pebernard,	
  G.	
  Raffa,	
  D.A.	
  Slavin,	
  J.J.	
  Perry,	
  J.A.	
  Tainer,	
  C.H.	
  
McGowan,	
  and	
  M.N.	
  Boddy,	
  SUMO-­‐targeted	
  ubiquitin	
  ligases	
  in	
  genome	
  
stability.	
  EMBO	
  J,	
  2007.	
  26(18):	
  p.	
  4089-­‐4101.	
  

22.	
   Sun,	
  H.,	
  J.D.	
  Leverson,	
  and	
  T.	
  Hunter,	
  Conserved	
  function	
  of	
  RNF4	
  family	
  
proteins	
  in	
  eukaryotes:	
  targeting	
  a	
  ubiquitin	
  ligase	
  to	
  SUMOylated	
  
proteins.	
  EMBO	
  J,	
  2007.	
  26(18):	
  p.	
  4102-­‐4112.	
  

23.	
   Wang,	
  Z.	
  and	
  G.	
  Prelich,	
  Quality	
  control	
  of	
  a	
  transcriptional	
  regulator	
  
by	
  SUMO-­‐targeted	
  degradation.	
  Mol	
  Cell	
  Biol,	
  2009.	
  29(7):	
  p.	
  1694-­‐
1706.	
  

24.	
   Li,	
  H.D.,	
  W.X.	
  Liu,	
  and	
  M.	
  Michalak,	
  Enhanced	
  clathrin-­‐dependent	
  
endocytosis	
  in	
  the	
  absence	
  of	
  calnexin.	
  PLoS	
  One,	
  2011.	
  6(7):	
  p.	
  e21678.	
  



	
  

194	
  
 

25.	
   Trevaskis,	
  J.,	
  K.	
  Walder,	
  V.	
  Foletta,	
  L.	
  Kerr-­‐Bayles,	
  J.	
  McMillan,	
  A.	
  
Cooper,	
  S.	
  Lee,	
  K.	
  Bolton,	
  M.	
  Prior,	
  R.	
  Fahey,	
  K.	
  Whitecross,	
  G.J.	
  Morton,	
  
M.W.	
  Schwartz,	
  and	
  G.R.	
  Collier,	
  Src	
  homology	
  3-­‐domain	
  growth	
  factor	
  
receptor-­‐bound	
  2-­‐like	
  (endophilin)	
  interacting	
  protein	
  1,	
  a	
  novel	
  
neuronal	
  protein	
  that	
  regulates	
  energy	
  balance.	
  Endocrinology,	
  2005.	
  
146(9):	
  p.	
  3757-­‐3764.	
  

26.	
   Uezu,	
  A.,	
  A.	
  Horiuchi,	
  K.	
  Kanda,	
  N.	
  Kikuchi,	
  K.	
  Umeda,	
  K.	
  Tsujita,	
  S.	
  
Suetsugu,	
  N.	
  Araki,	
  H.	
  Yamamoto,	
  T.	
  Takenawa,	
  and	
  H.	
  Nakanishi,	
  
SGIP1alpha	
  is	
  an	
  endocytic	
  protein	
  that	
  directly	
  interacts	
  with	
  
phospholipids	
  and	
  Eps15.	
  J	
  Biol	
  Chem,	
  2007.	
  282(36):	
  p.	
  26481-­‐26489.	
  

	
  
	
  
	
  



	
  

195	
  
 

Appendix	
  I	
  	
  

Expression	
  of	
  Full-­‐length	
  and	
  Truncated	
  Calnexin	
  on	
  the	
  
Calnexin-­‐deficient	
  Mouse	
  Background	
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To	
  investigate	
  the	
  impact	
  of	
  expressing	
  calnexin	
  and	
  calnexin	
  without	
  

its	
   cytoplasmic	
  domain	
  on	
   the	
  calnexin-­‐deficient	
  background,	
  we	
  generated	
  

two	
   transgenic	
   mouse	
   lines.	
   These	
   lines	
   were	
   designated	
   cnx-­‐/-­‐	
   CNX	
   (full-­‐

length	
   calnexin)	
   and	
   cnx-­‐/-­‐	
   CNXAC	
   (calnexin	
   N+P+transmembrane	
   domain),	
  

respectively.	
   To	
   generate	
   the	
  mice,	
  we	
   used	
   an	
   expression	
   vector	
   designed	
  

for	
   ubiquitous	
   expression	
   of	
   genes	
   driven	
   by	
   the	
   ROSA26	
   promoter.	
   Using	
  

this	
  system	
  we	
  generated	
  transgenic	
  mice	
  expressing	
  full-­‐length	
  calnexin	
  and	
  

CNXAC	
  (without	
  the	
  cytoplasmic	
  tail)	
  on	
  a	
  CD1	
  wild-­‐type	
  mouse	
  background	
  

(Figure	
  AI.1).	
  Prior	
   to	
   the	
  generation	
  of	
   the	
   transgenic	
  mice,	
   the	
  expression	
  

vectors	
   encoding	
   full-­‐length	
   calnexin	
   and	
   CNXAC	
   domain	
   were	
   transfected	
  

into	
  wild-­‐type	
   and	
   cnx-­‐/-­‐	
   fibroblasts	
   to	
   examine	
   expression	
   of	
   calnexin	
   and	
  

calnexin	
  domains.	
   Intracellular	
   localization	
  of	
   full-­‐length	
  calnexin	
  or	
  CNXAC	
  

was	
  determined	
  using	
  confocal	
  microscopy	
  with	
  specific	
  calnexin	
  antibodies	
  

to	
   the	
  C-­‐terminus	
   for	
   the	
   full-­‐length	
   construct	
   or	
   to	
   the	
  N-­‐terminus	
   for	
   the	
  

truncated	
   calnexin	
   construct.	
   Figure	
   AI.2	
   shows	
   ER	
   localization	
   with	
  

Concanavalin	
  A	
  staining	
  and	
  that	
  both	
  the	
  full-­‐length	
  and	
  truncated	
  calnexin	
  

construct	
   were	
   properly	
   localized	
   to	
   an	
   ER-­‐like	
   structure.	
   Following	
   the	
  

confirmation	
  of	
  construct	
  protein	
  expression	
  and	
  localization,	
  the	
  transgenic	
  

mice	
  were	
  generated	
  by	
  pronuclear	
  microinjection	
  of	
  the	
  constructs	
  and	
  the	
  

oocytes	
   transferred	
   to	
   pseudopregnant	
   mice.	
   Transgene	
   expression	
   was	
  

determined	
  using	
  PCR	
  with	
   two	
  sets	
  of	
  primers:	
  one	
   set	
   amplified	
  a	
   region	
  

extending	
  from	
  an	
  N-­‐terminal	
  portion	
  of	
  the	
  vector	
  into	
  the	
  N-­‐terminus	
  of	
  the	
  

calnexin	
   encoding	
   construct,	
   the	
   second	
   set	
   amplified	
   a	
   region	
   at	
   the	
   C-­‐
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terminus	
   of	
   calnexin	
   into	
   the	
   C-­‐terminal	
   portion	
   of	
   the	
   vector	
   (Figure	
  AI.3,	
  

pink	
   arrows).	
   Primer	
   amplification	
   of	
   a	
   region	
   including	
   a	
   portion	
   of	
   the	
  

expression	
   vector	
   outside	
   the	
   calnexin	
   coding	
   region	
   was	
   designed	
   to	
  

differentiate	
  calnexin	
  transgene	
  expression	
  from	
  endogenous	
  calnexin.	
  Mice	
  

were	
   bred	
   by	
   first	
   crossing	
   CD1	
   wild-­‐type	
   expressing	
   the	
   transgene	
   with	
  

wild-­‐type	
   C57BL/6	
   strain	
   to	
   generate	
   a	
   genetic	
   background	
   similar	
   to	
   the	
  

calnexin-­‐deficient	
  mice.	
   The	
  mice	
  were	
   then	
   bred	
   onto	
   a	
   calnexin-­‐deficient	
  

background	
   by	
   crossing	
   wild-­‐type	
   CD1/C57BL6	
   with	
   the	
   transgene	
   with	
  

calnexin-­‐deficient	
   animals.	
   Heterozygote	
   progeny	
   with	
   the	
   transgene	
   were	
  

bred	
  to	
  calnexin-­‐deficient	
  animals	
  again	
  to	
  give	
  progeny	
  with	
  the	
  transgene	
  

on	
  a	
  calnexin-­‐deficient	
  background	
  (Figure	
  AI.4).	
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Figure	
   AI.1.	
   Schematic	
   representation	
   of	
   the	
   calnexin	
   constructs	
   used	
  
for	
  transgenic	
  mouse	
  generation.	
  

Two	
   independent	
   transgenic	
   mouse	
   lines	
   were	
   generated:	
   (A)	
   full-­‐length	
  
CNX	
  (A-­‐D)	
  and	
  (B)	
   truncated	
  calnexin	
  (CNX	
  A-­‐C)	
  expressing	
   the	
  ER	
   luminal	
  
(N+P)	
  plus	
  transmembrane	
  domain	
  without	
  the	
  cytoplasmic	
  tail.	
  (C)	
  depicts	
  a	
  
linear	
  representation	
  of	
  the	
  constructs	
  with	
  A-­‐B	
  indicating	
  the	
  luminal	
  (N+P)	
  
domain,	
  B-­‐C	
  the	
  transmembrane	
  domain	
  and	
  C-­‐D	
  the	
  cytoplasmic	
  tail.	
  
	
  

	
   .	
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Figure	
   AI.2.	
   The	
   full-­‐length	
   and	
   truncated	
   calnexin	
   proteins	
   both	
  
localize	
  to	
  an	
  ER-­‐like	
  structure.	
  

Calnexin-­‐deficient	
   fibroblasts	
  were	
   transfected	
  with	
   the	
  constructs	
  used	
   for	
  
the	
  generation	
  of	
  transgenic	
  mice	
  encoding	
  full-­‐length	
  and	
  truncated	
  calnexin	
  
(CNXAC)	
  proteins.	
  The	
  fibroblasts	
  were	
  fixed	
  and	
  immunostained	
  with	
  anti-­‐
calnexin	
   antibodies	
   to	
   the	
   C-­‐terminus	
   for	
   the	
   full-­‐length	
   calnexin	
   or	
   the	
  
luminal	
  domain	
  of	
  the	
  truncated	
  calnexin	
  protein	
  with	
  Alexa	
  488	
  secondary	
  
antibodies.	
  Concanavalin	
  A	
  (Texas	
  Red)	
  and	
  DAPI	
  were	
  used	
  to	
  stain	
  the	
  ER-­‐
like	
   compartment	
   and	
   nucleus,	
   respectively.	
   The	
   full-­‐length	
   and	
   truncated	
  
calnexin	
  constructs	
  both	
  localize	
  to	
  an	
  ER-­‐like	
  structure.	
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Figure	
  AI.3.	
  Genotyping	
  strategy	
  for	
  the	
  transgenic	
  mouse	
  lines.	
  	
  

To	
  detect	
  the	
  presence	
  of	
  the	
  transgene	
  and	
  differentiate	
  it	
  from	
  endogenous	
  
calnexin,	
  DNA	
  primers	
  were	
  designed	
  within	
  the	
  vector	
  ROSA	
  promoter	
  and	
  
the	
  N-­‐terminus	
  of	
  calnexin	
  at	
  one	
  end,	
  and	
  the	
  vector	
  and	
  the	
  C-­‐terminus	
  of	
  
calnexin	
   at	
   the	
   other	
   (purple	
   arrows	
   indicate	
   approximate	
   primer	
  
recognition	
   sequence	
   at	
   both	
   the	
   N	
   and	
   C	
   terminal	
   ends	
   of	
   calnexin,	
  
extending	
   into	
   the	
  vector	
  sequence).	
  The	
  product	
  of	
   the	
  C-­‐terminal	
  primers	
  
was	
   larger	
   for	
   the	
   full-­‐length	
   calnexin,	
   allowing	
   further	
   differentiation	
  
between	
   the	
   presence	
   of	
   the	
   full-­‐length	
   or	
   truncated	
   calnexin.	
   This	
  
genotyping	
   was	
   used	
   in	
   conjuction	
   with	
   the	
   calnexin-­‐deficient	
   genotyping	
  
described	
   in	
   Figure	
   AI.1	
   to	
   determine	
   both	
   transgene	
   expression	
   and	
   a	
  
calnexin-­‐deficient	
  background.	
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   RT-­‐PCR	
   analysis	
   of	
   a	
   comprehensive	
   range	
   of	
   tissues	
   in	
   both	
  

transgenic	
   lines	
   indicated	
   that	
   the	
   transgene	
   is	
   expressed	
   on	
   an	
   RNA	
   level	
  

(Figure	
   AI.5).	
  Western-­‐blot	
   of	
   tissue	
   lysates	
   using	
   a	
   calnexin	
   antibody	
   that	
  

recognizes	
   the	
   last	
   18	
   amino	
   acids	
   of	
   the	
   cytoplasmic	
   portion	
   of	
   calnexin	
  

indicates	
   ubiquitous	
   expression	
   of	
   the	
   cnx-­‐/-­‐	
   CNX	
   construct	
   at	
   comparable	
  

levels	
   to	
   the	
   protein	
   expression	
   of	
  wild-­‐type	
   animals	
   (Figure	
  AI.7).	
   Protein	
  

expression	
  levels	
  of	
  the	
  cnx-­‐/-­‐	
  CNXAC	
  line	
  were	
  more	
  difficult	
  to	
  determine	
  as	
  

the	
  calnexin	
  antibody	
  that	
  recognizes	
  the	
  N-­‐terminal	
  domain	
  of	
  calnexin	
  has	
  

a	
   lower	
   apparent	
   titre	
   (Figure	
   AI.6).	
   The	
   truncated	
   protein	
   also	
   has	
   an	
  

unknown	
  mobility	
  on	
  SDS-­‐PAGE,	
  although	
  based	
  on	
  the	
  mobility	
  of	
  purified	
  

calnexin	
   N+P	
   domain	
   (without	
   the	
   transmembrane	
   domain)	
   it	
   can	
   be	
  

postulated	
   to	
  migrate	
   at	
   70-­‐kDa	
   (Figure	
  AI.8,	
   CNX	
  N+P	
   lane).	
   To	
   overcome	
  

these	
   difficulties,	
   we	
   used	
   age-­‐matched	
   calnexin-­‐deficient	
   tissue	
   lysates	
   to	
  

compare	
   non-­‐specific	
   banding	
   patterns	
   with	
   our	
   cnx-­‐/-­‐	
   CNXAC	
   transgenic	
  

mice.	
  There	
  is	
  detectable	
  protein	
  (marked	
  by	
  an	
  asterisk)	
  recognized	
  by	
  the	
  

calnexin	
  N-­‐terminal	
  antibody	
  that	
   is	
  not	
  present	
   in	
  calnexin-­‐deficient	
   tissue	
  

lysates	
  that	
  is	
  of	
  the	
  expected	
  size	
  for	
  truncated	
  calnexin.	
  Thus,	
  we	
  concluded	
  

that	
  there	
  is	
  expression	
  of	
  the	
  CNXAC	
  construct	
  in	
  a	
  comprehensive	
  range	
  of	
  

tissues	
  on	
  the	
  RNA	
  level	
  and	
  in	
  select	
  tissues	
  at	
  the	
  protein	
  level.	
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Figure	
   AI.4.	
   Breeding	
   Strategy	
   to	
   Generate	
   the	
   Trangene	
   on	
   the	
  
Calnexin-­‐deficient	
  background.	
  

CD1	
  mice	
   expressing	
   the	
   transgene	
  were	
   crossed	
   to	
   C57BL6	
   to	
   generate	
   a	
  
similar	
   mixed	
   background	
   to	
   the	
   calnexin-­‐deficient	
   mice	
   (F0).	
   Progeny	
  
expressing	
  the	
  transgene	
  (blue)	
  were	
  then	
  bred	
  to	
  calnexin-­‐deficient	
  animals	
  
(F1).	
  Heterozygotes	
  (cnx+/-­‐)	
  with	
  the	
  transgene	
  (blue)	
  were	
  bred	
  to	
  calnexin-­‐
deficient	
   animals	
   (F2)	
   to	
   generate	
   calnexin-­‐deficient	
   animals	
   with	
   the	
  
transgene	
  (red).	
  Tg,	
  transgene.	
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Figure	
  AI.5.	
  RNA	
  expression	
  of	
  the	
  transgene	
  in	
  a	
  comprehensive	
  range	
  
of	
  tissues.	
  	
  

mRNA	
  expression	
  was	
  determined	
  using	
  specific	
  DNA	
  primers	
  to	
  exon	
  7	
  and	
  
8	
   as	
   disruption	
   of	
   the	
   calnexin	
   gene	
   in	
   calnexin-­‐deficient	
   animals	
   proceeds	
  
intron	
   7-­‐8	
   (A).	
   Thus,	
   amplification	
   indicates	
   expression	
   of	
   the	
   full-­‐length	
  
calnexin	
  (CNX)	
  (B)	
  or	
  truncated	
  calnexin	
  (CNXAC)	
  (C)	
  transgene	
  in	
  all	
  tissues	
  
assessed	
   indicating	
   comprehensive	
   expression	
   of	
   the	
   transgene	
   for	
   both	
  
constructs.	
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Figure	
  AI.6.	
  Reactivity	
  of	
  calnexin	
  antibodies.	
  

A	
  titration	
  of	
  two	
  calnexin	
  antibodies,	
  one	
  recognizing	
  the	
  C-­‐terminus	
  (#65)	
  
and	
  the	
  other	
  the	
  luminal	
  domain	
  (#32)	
  of	
  calnexin.	
  The	
  C-­‐terminal	
  antibody	
  
is	
  able	
  to	
  detect	
  calnexin	
  at	
  3	
  ng	
  total	
  protein.	
  The	
  N-­‐terminal	
  antibody	
  has	
  a	
  
lower	
  titre	
  and	
  recognizes	
  calnexin	
  above	
  500	
  ng	
  total	
  protein.	
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Figure	
  AI.7.	
  Full-­‐length	
  calnexin	
  is	
  expressed	
  in	
  a	
  comprehensive	
  range	
  
of	
  tissues.	
  	
  

The	
  full-­‐length	
  calnexin	
  transgene	
  was	
  detected	
  in	
  a	
  comprehensive	
  range	
  of	
  
tissues	
   analyzed	
   by	
  Western	
   blotting	
   techniques	
  with	
   an	
   antibodies	
   raised	
  
against	
   the	
   last	
   18	
   amino	
   acids	
   of	
   the	
   calnexin	
   C-­‐terminus.	
   Calnexin	
  
expression	
   in	
   wild-­‐type	
   cerebellum	
   was	
   analyzed	
   for	
   comparison.	
   GAPDH	
  
was	
  used	
  as	
  a	
  loading	
  control.	
  Thirty	
  µg	
  of	
  protein	
  was	
  loaded	
  per	
  lane.	
  Full-­‐
length	
   calnexin	
   is	
   expressed	
   at	
   a	
   comparable	
   level	
   to	
   calnexin	
   in	
  wild-­‐type	
  
tissue.	
  CNX,	
  calnexin,	
  GAPDH,	
  glyceraldehyde-­‐3-­‐phosphate	
  dehydrogenase.	
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Figure	
  AI.8.	
  Truncated	
  calnexin	
  expression	
  in	
  mouse	
  tissue.	
  	
  

Two	
  independent	
  antibodies	
  raised	
  against	
  the	
  N-­‐terminus	
  of	
  calnexin	
  were	
  
used	
   to	
   detect	
   protein	
   expression	
   of	
   the	
   truncated	
   calnexin	
   transgene	
  
without	
   the	
   C-­‐tail,	
   antibody	
   32	
   and	
   T17	
   (see	
   “Materials	
   and	
   Methods”	
   for	
  
information	
  regarding	
  these	
  antibodies).	
  A	
  protein	
  species	
  at	
  approximately	
  
70-­‐kDa,	
   comparable	
   to	
   purified	
   N+P	
   CNX,	
   was	
   visible	
   in	
   cnx-­‐/-­‐	
   CNXAC	
  
transgenic	
  mice	
   that	
   is	
   not	
   visible	
   in	
   calnexin-­‐deficient	
  mouse	
   tissue	
  of	
   the	
  
same	
  age	
  (lower	
  panel).	
  The	
  truncated	
  calnexin	
  protein	
  is	
  denoted	
  with	
  red	
  
asterisks.	
   It	
   is	
   expressed	
   in	
  a	
   range	
  of	
   tissues	
   including	
  kidney,	
  brain,	
   lung,	
  
cerebellum,	
  spine	
  and	
  spleen.	
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   The	
   cnx-­‐/-­‐	
   CNX	
   and	
   cnx-­‐/-­‐	
   CNXAC	
   neonates	
   were	
   undistinguishable	
  

from	
   their	
   wild-­‐type	
   littermates.	
   Between	
   day	
   11	
   to	
   day	
   21,	
   calnexin-­‐

deficient	
  mice	
   fail	
   to	
   gain	
  weight,	
   resulting	
   in	
   calnexin-­‐deficient	
  mice	
  being	
  

30-­‐50%	
  smaller	
  than	
  their	
  wild-­‐type	
  and	
  heterozygote	
  littermates.	
  Both	
  the	
  

full-­‐length	
  (cnx-­‐/-­‐	
  CNX)	
  and	
  truncated	
  calnexin	
  transgenic	
  mice	
  (cnx-­‐/-­‐	
  CNXAC)	
  

continue	
  to	
  gain	
  weight	
  during	
   this	
  period	
  with	
  mice	
   that	
  end	
  up	
  being	
  10-­‐

20%	
  smaller	
  than	
  their	
  wild-­‐type	
  or	
  heterozygote	
  littermates,	
  a	
  discrepancy	
  

possibly	
   accounted	
   for	
   by	
   lower	
   calnexin	
   transgene	
   expression	
   levels	
   than	
  

wild-­‐type.	
   The	
   cnx-­‐/-­‐	
   CNX	
   and	
   cnx-­‐/-­‐	
   CNXAC	
   mice	
   do	
   not	
   display	
   the	
   gait	
  

disturbance	
   and	
   splaying	
   of	
   the	
   hind	
   limbs	
   characteristic	
   of	
   the	
   calnexin-­‐

deficient	
   animals.	
   The	
   morphology	
   of	
   the	
   myelin	
   sheaths	
   and	
  

electrophysiological	
  properties	
  are	
  currently	
  under	
  investigation	
  to	
  examine	
  

the	
  impact	
  of	
   full-­‐length	
  and	
  truncated	
  calnexin	
  expression	
  on	
  the	
  calnexin-­‐

deficient	
  background.	
  Expression	
  of	
  calnexin	
  without	
   its	
  cytoplasmic	
  tail	
  on	
  

the	
   calnexin-­‐deficient	
   background	
   will	
   provide	
   us	
   with	
   a	
   mouse	
   model	
   in	
  

which	
  to	
  separate	
  the	
  function	
  of	
  the	
  luminal	
  domain	
  of	
  calnexin	
  from	
  its	
  C-­‐

tail.	
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Figure	
   AI.9.	
   Transgenic	
   mouse	
   expressing	
   full-­‐length	
   and	
   truncated	
  
calnexin	
   on	
   a	
   calnexin-­‐deficient	
   background	
   gain	
   weight	
   similarly	
   to	
  
wild-­‐type	
  animals.	
  

Heterozygote	
   (cnx+/-­‐),	
   calnexin-­‐deficient	
   (cnx-­‐/-­‐),	
   full-­‐length	
   calnexin	
  
transgenic	
   mice	
   (cnx-­‐/-­‐	
   CNX),	
   truncated	
   calnexin	
   mice	
   (cnx-­‐/-­‐	
   CNXAC)	
   and	
  
wild-­‐type	
   mice	
   with	
   either	
   the	
   full-­‐length	
   calnexin	
   transgene	
   (wt	
   CNX)	
   or	
  
truncated	
   calnexin	
   transgene	
   (wt	
   CNXAC)	
   were	
   weighed	
   daily.	
   Calnexin-­‐
deficient	
  mice	
  demonstrate	
  a	
  failure	
  to	
  gain	
  weight	
  between	
  day	
  11	
  and	
  22	
  of	
  
age.	
   However,	
   the	
   cnx-­‐/-­‐	
   CNX	
   and	
   cnx-­‐/-­‐	
   CNXAC	
   transgenic	
   mice	
   lines	
   gain	
  
weight	
  steadily	
  throughout	
  this	
  period.	
  cnx-­‐/-­‐	
  CNX	
  mice	
  gain	
  weight	
  at	
  a	
  rate	
  
similarly	
   to	
   wild-­‐type	
   mice	
   with	
   the	
   calnexin	
   transgene	
   and	
   cnx-­‐/-­‐	
   CNXAC	
  	
  
mice	
   gain	
   weight	
   at	
   a	
   rate	
   similarly	
   to	
   wild-­‐type	
   mice	
   with	
   the	
   truncated	
  
calnexin	
  transgene.	
  The	
  difference	
  in	
  weight	
  gain	
  between	
  the	
  heterozygote	
  
and	
  wild-­‐type	
  lines	
  reflects	
  different	
  litters.	
  Thus,	
  cnx-­‐/-­‐	
  CNX	
  and	
  cnx-­‐/-­‐	
  CNXAC	
  
mice	
  gain	
  weight	
  at	
  a	
  rate	
  similar	
  to	
  wild-­‐type	
  animals.	
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Calnexin-­‐deficiency	
   in	
  mice	
  results	
   in	
  adult	
  animals	
   that	
  are	
  30-­‐50%	
  

smaller	
   than	
   their	
   wild-­‐type	
   littermates.	
  We	
  monitored	
   the	
   weight	
   gain	
   of	
  

calnexin-­‐deficient	
   neonates	
   through	
   to	
   early	
   adulthood	
   and	
   observed	
   that	
  

between	
  day	
  11	
  and	
  21	
  of	
   life,	
  calnexin-­‐deficient	
  mice	
  failed	
  to	
  gain	
  weight.	
  

Weight	
   gain	
   comparable	
   to	
   the	
   wild-­‐type	
   animals	
   resumed	
   following	
   this	
  

approximately	
  10-­‐day	
  interruption.	
  However,	
  it	
  ultimately	
  results	
  in	
  animals	
  

that	
   remained	
   30-­‐50%	
   smaller	
   than	
   their	
   wild-­‐type	
   and	
   heterozygote	
  

littermates.	
  We	
  also	
  observed	
  that	
  calnexin-­‐deficient	
  animals	
  appeared	
  lean	
  

with	
   little	
   or	
   no	
   body	
   fat.	
   Thus,	
   we	
   hypothesized	
   that	
   calnexin-­‐deficiency	
  

impacts	
  on	
  metabolism	
  in	
  mice.	
  

To	
   assess	
   the	
   observable	
   differences	
   in	
   fat	
   tissue	
   we	
   quantified	
   fat	
  

versus	
   lean	
   mass	
   using	
   magnetic	
   resonance	
   imaging	
   (MRI)	
   to	
   obtain	
  

quantitative	
   measurements	
   of	
   fat	
   and	
   lean	
   tissue	
   of	
   calnexin-­‐deficient	
   and	
  

wild-­‐type	
   mice.	
   When	
   we	
   normalized	
   total	
   fat	
   to	
   the	
   total	
   weight	
   of	
   the	
  

mouse,	
  it	
  was	
  observed	
  that	
  calnexin-­‐deficient	
  mice	
  had	
  approximately	
  50%	
  

of	
   the	
  total	
   fat	
  per	
  gram	
  of	
  body	
  weight	
  compared	
  to	
  the	
  wild-­‐type	
  animals	
  

(Figure	
   AII.1).	
   Thus,	
   calnexin-­‐deficiency	
   in	
   mice	
   results	
   in	
   smaller,	
   leaner	
  

animals.	
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Figure	
  AII.1.	
   Calnexin-­‐deficient	
  mice	
  have	
   less	
   fat	
   than	
   their	
  wild-­‐type	
  
counterparts.	
  

MRI	
   analysis	
   of	
   calnexin-­‐deficient	
   and	
   wild-­‐type	
   mice	
   at	
   12	
   weeks	
   of	
   age	
  
demonstrates	
   that	
  calnexin-­‐deficient	
  animals	
  have	
  a	
  50%	
  reduction	
   in	
   total	
  
fat	
   per	
   g	
   of	
   body	
   weight.	
   Similar	
   observations	
   were	
   made	
   in	
   animals	
   at	
   3	
  
weeks	
  of	
  age.	
  wt,	
  23.23	
  +/-­‐	
  SE	
  0.57	
  (n=2);	
  cnx-­‐/-­‐,	
  13.02	
  +/-­‐	
  SE	
  1.3	
  (n=3).	
  wt,	
  
wild-­‐type,	
  cnx-­‐/-­‐,	
  calnexin-­‐deficient,	
  SE,	
  standard	
  error.	
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Recently,	
  malonyl-­‐CoA	
  has	
  received	
  attention	
   in	
  metabolic	
  studies	
  as	
  

an	
   important	
   regulator	
   of	
   energy	
   control	
   [1].	
   The	
   hypothalamus	
   plays	
   a	
  

central	
   role	
   in	
   mediating	
   energy	
   intake	
   versus	
   energy	
   expenditure	
   with	
  

increased	
  hypothalamic	
  malonyl-­‐CoA	
   signalling	
   an	
   energy	
   surplus	
   resulting	
  

in	
  decreased	
  food	
  intake	
  and	
  increased	
  energy	
  expenditure	
  [1].	
  Conversely,	
  a	
  

decrease	
   in	
   hypothalamic	
  malonyl-­‐CoA	
   signals	
   an	
   energy	
   deficit	
   leading	
   to	
  

increased	
   appetite	
   and	
   decreased	
   energy	
   expenditure.	
   Considering	
   the	
  

central	
   role	
   of	
   malonyl-­‐CoA	
   levels	
   in	
   determining	
   energy	
   balance,	
   we	
  

measured	
  hypothalamic	
  levels	
  of	
  malonyl-­‐CoA	
  in	
  calnexin-­‐deficient	
  animals.	
  

Levels	
  of	
  malonyl-­‐CoA	
  are	
  elevated	
   in	
  calnexin-­‐deficient	
  mice,	
  which	
  would	
  

signal	
   an	
   energy	
   surplus	
   and	
   such	
   a	
   signaling	
   state	
   could	
   contribute	
   to	
   the	
  

lean	
  phenotype	
  of	
  the	
  calnexin-­‐deficient	
  animals.	
  The	
  mechanism	
  that	
   leads	
  

to	
  increased	
  malonyl-­‐CoA	
  in	
  the	
  cnx-­‐/-­‐	
  mouse	
  is	
  still	
  under	
  investigation.	
  

The	
  contribution	
  of	
  calnexin	
  to	
  metabolism	
  in	
  the	
  mouse	
  is	
  currently	
  

under	
   investigation.	
   The	
   lean	
   phenotype	
   of	
   the	
  mice	
   could	
   be	
   related	
   to	
   a	
  

dysregulation	
  of	
  neuronal	
   satiety	
   signals,	
   such	
  as	
   the	
  elevated	
  malonyl-­‐CoA	
  

that	
  would	
  cause	
  the	
  mice	
  to	
  consume	
  less	
  food	
  for	
  their	
  energy	
  output.	
  Their	
  

difference	
   in	
  size	
  and	
  reduction	
  of	
   fat	
   tissues	
  could	
  also	
  reflect	
  a	
  molecular	
  

mechanism	
  where	
  calnexin	
  directly	
  impacts	
  on	
  fat	
  synthesis	
  and	
  deposition.	
  

It	
  will	
   be	
   important	
   to	
  examine	
   the	
  differences	
   in	
  biochemical	
   states	
  of	
   the	
  

calnexin-­‐deficient	
  mice	
  during	
  day	
  11-­‐21	
  of	
  life	
  where	
  they	
  fail	
  to	
  gain	
  weight	
  

and	
  compare	
   it	
   to	
  adult	
  mice	
   that	
  gain	
  weight	
  at	
  a	
  rate	
  similar	
   to	
  wild-­‐type	
  

animals.	
  



	
  

213	
  
 

	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  AII.2.	
  Hypothalamic	
  malonyl-­‐CoA	
  levels	
  are	
  elevated	
  in	
  calnexin-­‐
deficient	
  mice.	
  	
  

Hypothalami	
   were	
   obtained	
   from	
   wild-­‐type	
   and	
   calnexin-­‐deficient	
   animals	
  
and	
  used	
  with	
  a	
  specific	
  HPLC	
  protocol	
  designed	
  for	
  detection	
  of	
  CoA	
  levels.	
  
Briefly,	
  brains	
  were	
  removed	
  from	
  mice	
  and	
  flash	
  frozen	
  in	
  isopentane.	
  The	
  
hypothalamus	
  was	
  obtained	
  by	
  dissection	
  from	
  the	
  frozen	
  tissue.	
  The	
  tissue	
  
was	
  crushed	
  and	
  used	
  for	
  CoA	
  analysis	
  by	
  HPLC.	
  wt,	
  280.3	
  +/-­‐SE	
  29.5	
  (n=21),	
  
cnx-­‐/-­‐,	
   380.3	
  +/-­‐	
   32.6	
   (n=16)	
  p<0.05	
  with	
   one	
  outlier	
   removed	
   from	
  wt.	
  wt,	
  
wild-­‐type,	
  cnx-­‐/-­‐,	
  calnexin-­‐deficient.	
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   If	
   the	
   lean	
   phenotype	
   of	
   calnexin	
   reflects	
   problems	
   with	
   lipid	
   or	
  

cholesterol	
   biosynthesis	
   it	
   could	
   have	
   implications	
   for	
   the	
   neuropathy	
   of	
  

calnexin-­‐deficient	
   mice.	
   Myelin	
   is	
   a	
   lipid	
   and	
   cholesterol	
   rich	
   entity.	
  

Cholesterol,	
   a	
   major	
   component	
   of	
   myelin,	
   is	
   not	
   imported	
   from	
   the	
  

circulation	
   but	
   instead	
   synthesized	
   locally	
   and	
   is	
   rate-­‐limiting	
   for	
   myelin	
  

biogenesis	
  [2,	
  3].	
  The	
  rate-­‐limiting	
  effect	
  of	
  cholesterol	
  was	
  determined	
  when	
  

a	
  conditional	
  mouse	
  mutant	
  was	
  generated	
  using	
  Cre-­‐mediated	
   targeting	
  of	
  

the	
   squalene	
   synthase	
   (SQS)	
   gene	
   in	
   oligodendrocytes	
   and	
   Schwann	
   cells.	
  

SQS	
   catalyzes	
   the	
   first	
   step	
  of	
   the	
   cholesterol	
   synthetic	
   pathway	
   specific	
   to	
  

the	
   formation	
  of	
  sterols	
   [4].	
  The	
  mutant	
  mice	
   lagged	
  behind	
   the	
  controls	
   in	
  

weight	
   gain	
   and	
   developed	
   motor	
   function	
   deficits	
   at	
   two	
   weeks	
   of	
   age	
  

characterized	
  by	
   ataxia,	
   initiation	
   tremor	
   and	
   impaired	
   control	
   of	
   hindlimb	
  

movements.	
   This	
   was	
   attributed	
   to	
   severe	
   dysmyelination	
   in	
   the	
   form	
   of	
  

hypo-­‐myelinated	
   axons	
   in	
   the	
   CNS	
   and	
   PNS.	
   Interestingly,	
   there	
   was	
   a	
  

stringent	
  preservation	
  of	
  the	
  cholesterol	
  to	
  lipid	
  stoichiometry	
  in	
  the	
  mutant	
  

myelin	
   despite	
   the	
   abrogated	
   ability	
   of	
   the	
   myelinating	
   glia	
   to	
   synthesize	
  

cholesterol.	
   This	
   suggested	
  horizontal	
   cholesterol	
   transfer,	
   potentially	
   from	
  

neighbouring	
   wild-­‐type	
   cells	
   such	
   as	
   astrocytes	
   and	
   demonstrated	
  

cholesterol	
   is	
   an	
   essential	
   rate-­‐limiting	
   factor	
   in	
   myelin	
   biogenesis.	
   It	
   is	
  

important	
   to	
   note	
   that	
   critical	
   components	
   of	
   cholesterol	
   biosynthesis	
   are	
  

located	
   at	
   ER	
   membranes,	
   including	
   the	
   rate	
   limiting	
   step,	
   HMG-­‐CoA	
  

reductase	
  (HMGR),	
  an	
  integral	
  ER	
  membrane	
  protein.	
  Many	
  myelin	
  proteins	
  

are	
   known	
   to	
   partition	
   into	
   cholesterol-­‐rich	
   membrane	
   rafts	
   in	
   myelin	
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membranes	
  and	
  it	
  was	
  postulated	
  that	
  an	
  interaction	
  with	
  cholesterol	
  could	
  

be	
  part	
  of	
  the	
  ER	
  quality	
  control	
  system	
  [5].	
  Consistent	
  with	
  this	
  hypothesis,	
  

it	
   was	
   observed	
   that	
   the	
   major	
   peripheral	
   myelin	
   protein	
   P0	
   requires	
  

cholesterol	
  for	
  its	
  trafficking	
  from	
  the	
  ER	
  [5].	
  Trafficking	
  was	
  dependent	
  on	
  a	
  

functional	
  cholesterol	
  recognition/interaction	
  amino	
  acid	
  consensus	
  (CRAC)	
  

motif	
   in	
   P0	
   (amino	
   acid	
   residues	
   142-­‐151).	
   Expression	
   of	
   myelin	
   protein	
  

genes	
  was	
   also	
  dependent	
  on	
  high	
   intracellular	
   cholesterol	
   levels	
   as	
  mRNA	
  

levels	
   of	
   MAG,	
   MBP	
   P0	
   and	
   PMP22	
   were	
   significantly	
   reduced	
   in	
   sciatic	
  

nerves	
   from	
   SQS	
   mutant	
   animals	
   [5].	
   Thus,	
   calnexin	
   may	
   also	
   play	
   an	
  

important	
  role	
  in	
  metabolism	
  and	
  problems	
  with	
  lipid	
  synthesis	
  pathways	
  in	
  

the	
  calnexin-­‐deficient	
  mouse	
  might	
  contribute	
  to	
  its	
  aberrant	
  myelination.	
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To	
  date,	
  only	
  one	
  other	
  ER	
  protein,	
  protein	
   tyrosine	
  phosphatase	
  1B	
  

(PTP1B),	
   is	
  known	
  to	
  be	
  SUMOylated.	
  PTP1B	
   is	
   translated	
   in	
   the	
  cytoplasm	
  

and	
  post-­‐translationally	
  targeted	
  to	
  ER	
  membranes	
  through	
  a	
  targeting	
  motif	
  

at	
   its	
   C-­‐terminus	
   where	
   it	
   localizes	
   to	
   the	
   cytoplasmic	
   face	
   of	
   the	
   ER	
   and	
  

nuclear	
  envelope.	
  PTP1B	
  deficiency	
  in	
  mice	
  leads	
  to	
  increased	
  sensitivity	
  to	
  

insulin,	
  decreased	
  adiposity,	
   and	
   resistance	
   to	
  high-­‐fat	
  diet-­‐induced	
  obesity	
  

[1,	
  2].	
  These	
  findings	
  highlighted	
  PTP1B	
  as	
  a	
  molecule	
  of	
  interest	
  for	
  studies	
  

in	
   metabolic	
   regulation.	
   Tyrosine	
   phosphatase	
   1B	
   negatively	
   regulates	
  

growth	
   factor	
   signaling	
   by	
   binding	
   to	
   and	
   dephosphorylating	
   receptor	
  

tyrosine	
  kinases	
  such	
  as	
  the	
  insulin	
  receptor	
  [3].	
  PTP1B	
  can	
  be	
  modified	
  by	
  

SUMO-­‐1	
   at	
   multiple	
   lysine	
   residues	
   and	
   SUMOylation	
   reduces	
   its	
   catalytic	
  

activity	
   [4].	
   SUMOylation	
   of	
   PTP1B	
   is	
   significantly	
   reduced	
   when	
   its	
   ER	
  

localization	
   is	
   abolished	
   [4].	
   In	
   addition	
   to	
   calnexin	
   being	
   the	
   second	
   ER	
  

protein	
  identified	
  as	
  modifiable	
  by	
  SUMO,	
  calnexin-­‐deficient	
  mice	
  share	
  some	
  

phenotypic	
   characteristics	
   with	
   PTP1B	
   deficient	
   mice,	
   including	
   reduced	
  

adiposity	
  as	
  discussed	
  earlier.	
  Further,	
  PTP1B	
  has	
  recently	
  been	
   implicated	
  

in	
  the	
  control	
  of	
  endocytic	
  down-­‐regulation	
  of	
  receptor	
  tyrosine	
  kinases	
  and	
  

is	
   reminiscent	
  of	
   enhanced	
   clathrin-­‐dependent	
   endocytosis	
  observed	
   in	
   the	
  

absence	
  of	
  calnexin.	
  These	
  molecular	
  similarities	
   led	
  us	
   to	
  hypothesize	
   that	
  

PTP1B	
   and	
   calnexin	
   may	
   coincide	
   within	
   molecular	
   complexes	
   at	
   the	
   ER.	
  

Preliminary	
   evidence	
   indicates	
   that	
   calnexin	
   and	
   PTP1B	
   interact.	
  

Immunoprecipitation	
   with	
   PTP1B	
   specific	
   antibodies	
   indicate	
   that	
   PTP1B	
  

immunoprecipitation	
  from	
  wild-­‐type	
  fibroblasts	
  pulls	
  down	
  calnexin	
  (Figure	
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AIII.1).	
   As	
   PTP1B	
   is	
   targeted	
   to	
   the	
   ER	
   membrane	
   through	
   a	
   C-­‐terminal	
  

targeting	
   motif,	
   the	
   interaction	
   of	
   calnexin	
   with	
   PTP1B	
   is	
   likely	
   mediated	
  

through	
   calnexin’s	
   transmembrane	
   or	
   C-­‐tail	
   domain	
   and	
   may	
   present	
   an	
  

additional	
  C-­‐tail	
  interacting	
  protein.	
  Considering	
  PTP1B	
  and	
  calnexin	
  are	
  the	
  

only	
  known	
  ER	
  proteins	
   to	
  be	
  SUMOylated	
  and	
   they	
   interact,	
   it	
   is	
  plausible	
  

that	
  SUMOylation	
  of	
  PTP1B	
  might	
  happen	
   in	
  a	
  calnexin-­‐dependent	
  manner.	
  

Investigation	
   into	
   the	
   PTP1B	
   and	
   calnexin	
   interaction	
   could	
   help	
   us	
  

understand	
   the	
   lean	
   phenotype	
   or	
   increased	
   endoctyosis	
   of	
   the	
   calnexin-­‐

deficient	
  mouse.	
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Figure	
  AIII.1.	
  Calnexin	
  and	
  PTP1B	
  form	
  complexes.	
  	
  

Immunoprecipitation	
   of	
   protein	
   tyrosine	
   phosphatase	
   1B	
   (PTP1B)	
   with	
  
antibodies	
   to	
   PTP1B	
   from	
   wild-­‐type	
   and	
   calnexin-­‐deficient	
   fibroblasts	
   and	
  
western	
   blot	
   analysis	
   with	
   PTP1B	
   antibodies	
   demonstrates	
   successful	
  
immunoprecipitation	
   of	
   PTP1B	
   (arrow).	
   The	
   higher	
   molecular	
   weight	
  
banding	
   pattern	
   observed	
   is	
   consistent	
   with	
   SUMO-­‐modification	
   of	
   PTP1B.	
  
Re-­‐probing	
   the	
   western	
   blot	
   with	
   calnexin	
   antibodies	
   reveal	
   a	
   specific	
  
interaction	
   of	
   PTP1B	
   and	
   calnexin	
   in	
   wild-­‐type	
   but	
   not	
   calnexin-­‐deficient	
  
fibroblasts.	
   PTP1B,	
   protein	
   tyrosine	
   phosphatase	
   1B.	
   CNX,	
   calnexin.	
   IP,	
  
immunoprecipitation.	
  WB,	
  Western	
  blot.	
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