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Abstract	  
	  

Engineering	  an	  Orthogonal	  O-‐Glycosyltransferase	  and	  Donor	  Sugar	  Pair	  

by	  
	  

Lauren	  Jan	  Sarbo	  Wagner	  
	  

Doctor	  of	  Philosophy	  in	  Chemistry	  
	  

University	  of	  California,	  Berkeley	  
	  

Professor	  Carolyn	  R.	  Bertozzi,	  Chair	  
	  
Despite	  its	  role	  in	  fundamental	  biological	  processes,	  GalNAc-‐type	  O-‐linked	  
glycosylation	  has	  proven	  extremely	  difficult	  to	  study	  and	  remains	  one	  of	  the	  most	  
poorly	  understood	  post-‐translational	  modifications.	  The	  ppGalNAcT	  family	  
catalyzes	  the	  first	  committed	  step	  in	  O-‐glycosylation,	  the	  installation	  of	  GalNAc	  from	  
the	  donor	  UDP-‐GalNAc	  onto	  serine	  and	  threonine	  (Ser/Thr)	  residues	  of	  acceptor	  
polypeptides.	  Thus,	  the	  substrate	  specificity	  of	  the	  20	  human	  ppGalNAcT	  family	  
members	  determines	  which	  proteins	  are	  O-‐glycosylated.	  Progress	  in	  the	  field	  is	  
hampered	  by	  a	  limited	  understanding	  of	  ppGalNAcT	  protein	  substrate	  specificity	  
and	  of	  the	  regulation	  underlying	  O-‐glycosylation	  dynamics.	  	  
	  
The	  individual	  ppGalNAcTs	  display	  distinct	  spatial	  and	  temporal	  expression	  
patterns	  during	  mammalian	  and	  fly	  development,	  which	  may	  reflect	  their	  unique	  
roles	  governing	  cell-‐specific	  glycosylation.	  In	  vitro	  studies	  have	  shown	  that	  
ppGalNAcT	  family	  members	  have	  both	  unique	  and	  redundant	  peptide	  substrate	  
specificities,	  although	  validation	  of	  these	  results	  in	  vivo	  has	  met	  with	  limited	  
success.	  Efforts	  to	  isolate	  the	  function	  of	  individual	  isoforms	  by	  genetic	  knockdown	  
demonstrate	  unpredictable	  functional	  redundancy	  among	  family	  members—
ablation	  of	  several	  ppGalNAcTs	  in	  mice	  yields	  only	  partially	  penetrant	  phenotypes,	  
while	  five	  ppGalNAcTs	  are	  essential	  for	  Drosophila	  viability.	  Chemically	  targeting	  
one	  isoform	  with	  inhibitors	  or	  substrate	  analogs	  is	  challenging,	  as	  members	  of	  the	  
ppGalNAcT	  family	  demonstrate	  a	  high	  level	  of	  structural	  homology	  and	  all	  utilize	  the	  
nucleotide	  sugar	  UDP-‐GalNAc	  as	  a	  donor	  substrate.	  All	  current	  efforts	  to	  monitor	  the	  
activity	  of	  individual	  ppGalNAcTs	  in	  vivo	  lack	  an	  unambiguous	  method	  that	  can	  
confirm	  whether	  a	  target	  protein	  is	  naturally	  glycosylated	  by	  a	  specific	  ppGalNAcT	  
in	  a	  biological	  context.	  	  
	  
Towards	  this	  end,	  we	  have	  rationally	  designed	  an	  individual	  family	  member,	  
ppGalNAcT2,	  with	  an	  enlarged	  binding	  pocket	  and	  a	  UDP-‐GalNAc	  analog	  with	  a	  
“bump”	  and	  a	  chemical	  handle.	  This	  bump-‐hole	  pair	  is	  designed	  to	  uniquely	  label	  the	  
protein	  substrates	  of	  ppGalNAcT,	  ultimately	  enabling	  proteomic	  analysis.	  The	  pair	  
that	  we	  have	  developed	  behaves	  orthogonally,	  meaning	  that	  the	  ppGalNAcT2	  
mutant	  and	  the	  UDP-‐GalNAc	  analog,	  UDP-‐GalNAzMe(S),	  demonstrate	  little	  reactivity	  
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with	  the	  native	  system.	  UDP-‐GalNAzMe(S)	  is	  poorly	  accepted	  by	  native	  ppGalNAcTs	  
in	  vitro	  and	  has	  minimal	  background	  in	  vivo.	  This	  pair	  can	  glycosylate	  and	  tag	  a	  
known	  acceptor	  substrate	  of	  ppGalNAcT2,	  enabling	  downstream	  labeling	  with	  an	  
affinity	  handle	  for	  enrichment	  and	  analysis.	  	  
	  
As	  described	  in	  this	  dissertation,	  our	  goal	  was	  to	  develop	  a	  ppGalNAcT	  and	  UDP-‐
GalNAc	  analog	  pair	  for	  identification	  of	  ppGalNAcT	  protein	  substrates.	  Chapter	  1	  
describes	  the	  background	  for	  this	  project	  including	  the	  biological	  functions	  of	  O-‐
glycosylation,	  the	  ppGalNAcT	  family,	  and	  recent	  progress	  in	  the	  field.	  It	  then	  
discusses	  the	  utility	  of	  a	  bump-‐hole	  strategy	  and	  significant	  work	  using	  bump-‐hole	  
engineering	  in	  other	  protein	  families.	  Chapters	  2	  and	  3	  describe	  the	  enzyme	  and	  
substrate	  panels	  generated	  for	  this	  research.	  Chapter	  2	  explores	  the	  development	  of	  
a	  panel	  of	  ppGalNAcT	  mutants	  with	  enlarged	  binding	  pockets	  and	  a	  mammalian	  
expression	  system	  to	  secrete	  transferase	  soluble	  domains.	  Chapter	  3	  is	  focused	  on	  
the	  chemoenzymatic	  synthesis	  of	  a	  panel	  of	  UDP-‐GalNAc	  analogs	  with	  an	  azide	  
chemical	  handle.	  	  
	  
Ongoing	  work	  is	  described	  in	  Chapter	  4.	  We	  report	  the	  identification	  of	  a	  promising	  
bump	  hole	  pair	  from	  in	  vitro	  screens	  with	  a	  model	  peptide	  substrate.	  Preliminary	  
work	  demonstrating	  that	  UDP-‐GalNAzMe(S)	  is	  orthogonal	  to	  native	  ppGalNAcTs	  in	  
cell	  lysates	  is	  also	  discussed.	  We	  report	  progress	  delivering	  UDP-‐GalNAzMe(S)	  to	  
cells,	  as	  well	  as	  further	  confirmation	  that	  the	  analog	  is	  orthogonal	  to	  native	  
ppGalNAcTs	  in	  cells.	  Ongoing	  work	  is	  delineated	  at	  the	  end	  of	  Chapter	  4.	  We	  
establish	  an	  ongoing	  collaboration	  with	  the	  Gerken	  lab	  at	  Case	  Western	  Reserve	  
University	  in	  which	  a	  peptide	  library	  is	  being	  used	  to	  confirm	  that	  the	  bump-‐hole	  
pair	  conserves	  ppGalNAcT	  substrate	  specificity.	  We	  also	  describe	  a	  strategy	  to	  
measure	  the	  KM	  and	  VMAX	  for	  the	  candidate	  bump-‐hole	  pair	  with	  a	  model	  peptide	  
substrate.	  Chapter	  4	  concludes	  with	  future	  directions	  for	  this	  research	  in	  living	  
systems.	  
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Chapter	  1. The	  ppGalNAcT	  family	  and	  bump-‐hole	  engineering	  	  

1.1.	  Introduction	  

Glycosylation	  is	  a	  dynamic	  and	  structurally	  diverse	  post-‐translational	  modification	  
that	  alters	  protein	  structure	  and	  function.	  It	  is	  estimated	  that	  20-‐50%	  of	  proteins	  
within	  the	  human	  proteome	  are	  glycosylated1-‐3.	  O-‐GalNAc	  glycosylation	  (hereafter	  
O-‐	  or	  O-‐linked	  glycosylation	  unless	  otherwise	  noted)	  is	  a	  major	  type	  of	  glycosylation	  
that	  is	  critical	  to	  processes	  such	  as	  cellular	  adhesion	  and	  cell	  signaling,	  and	  thus	  is	  
involved	  in	  embryogenesis,	  immune	  function,	  and	  cancer	  metastasis4,5.	  Despite	  its	  
role	  in	  fundamental	  biological	  processes,	  O-‐linked	  glycosylation	  has	  proven	  
extremely	  difficult	  to	  study	  and	  remains	  one	  of	  the	  most	  poorly	  understood	  post-‐
translational	  modifications4,6.	  Elucidating	  the	  structure-‐function	  relationship	  of	  O-‐
glycoproteins	  is	  a	  long-‐standing	  challenge.	  
	  
There	  are	  3	  aspects	  of	  O-‐linked	  glycoprotein	  structure	  that	  are	  predicted	  to	  be	  
relevant	  to	  biological	  function:	  1)	  the	  presence	  or	  absence	  of	  O-‐glycans	  on	  a	  given	  
protein,	  2)	  within	  a	  given	  glycoprotein,	  the	  location	  of	  glycan	  attachment	  to	  the	  
protein	  primary	  sequence,	  and	  3)	  the	  overall	  structure	  of	  the	  fully	  elaborated	  glycan	  
chain7-‐9.	  One	  family	  of	  enzymes,	  the	  polypeptide	  N-‐acetylgalactosaminyltransferases	  
(ppGalNAcTs),	  regulates	  the	  first	  two	  aspects	  of	  O-‐glycosylation6,10.	  The	  ppGalNAcTs	  
catalyze	  the	  first	  committed	  step	  in	  O-‐linked	  glycosylation,	  the	  installation	  of	  N-‐
acetylgalactosamine	  (GalNAc)	  from	  the	  donor	  UDP-‐GalNAc	  onto	  serine	  and	  
threonine	  (Ser/Thr)	  residues	  of	  acceptor	  proteins11,12.	  Thus,	  the	  substrate	  
specificity	  of	  the	  20	  human	  ppGalNAcT	  family	  members	  determines	  which	  proteins	  
are	  O-‐glycosylated	  and	  at	  what	  position4,12.	  Glycan	  structure	  is	  then	  determined	  by	  
many	  other	  glycosyltransferases	  and	  glycosidases	  that	  modify	  the	  glycoprotein	  as	  it	  
proceeds	  through	  the	  secretory	  pathway4,10.	  
	  
As	  illustrated	  in	  Figure	  1-‐1,	  identifying	  the	  glycosylated	  substrates	  modified	  by	  a	  
single	  family	  member	  is	  nontrivial.	  All	  current	  efforts	  to	  monitor	  the	  activity	  of	  
individual	  ppGalNAcTs	  in	  vivo	  lack	  an	  unambiguous	  method	  that	  can	  confirm	  
whether	  a	  target	  protein	  is	  naturally	  glycosylated	  by	  a	  specific	  ppGalNAcT	  in	  a	  
biological	  context6,13,14.	  By	  identifying	  the	  substrates	  of	  individual	  
glycosyltransferases,	  we	  can	  begin	  to	  identify	  the	  signaling	  pathways	  that	  alter	  
glycosylation	  during	  processes	  such	  as	  development	  and	  disease.	  The	  objective	  of	  
the	  work	  in	  this	  dissertation	  is	  to	  use	  bump-‐hole	  engineering	  to	  uniquely	  label	  and	  
identify	  the	  substrates	  of	  a	  single	  polypeptide	  GalNAc	  transferase.	  	  
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Figure	  1-‐1.	  Substrate	  specificity	  of	  individual	  ppGalNAcT	  family	  members	  determines	  
which	  proteins	  are	  O-‐glycosylated.	  Each	  ppGalNAcT	  modifies	  multiple	  proteins,	  but	  
current	  tools	  cannot	  distinguish	  which	  glycoproteins	  are	  glycosylated	  by	  which	  of	  the	  20	  
ppGalNAcT	  family	  members.	  

Our	  strategy	  involves	  engineering	  an	  orthogonal	  ppGalNAcT	  and	  UDP-‐GalNAc	  
analog	  pair	  that	  installs	  a	  chemical	  handle	  onto	  O-‐glycoproteins	  (Figure	  1-‐2).	  The	  
donor	  substrate	  UDP-‐GalNAc	  is	  modified	  with	  a	  “bump”	  that	  contains	  a	  chemical	  
handle.	  This	  orthogonal	  UDP-‐GalNAc	  analog	  has	  minimal	  activity	  with	  the	  native	  
ppGalNAcTs,	  but	  is	  readily	  accepted	  by	  a	  modified	  version	  of	  a	  specific	  ppGalNAcT.	  
This	  ppGalNAcT	  is	  mutated	  with	  a	  corresponding	  “hole”	  in	  the	  active	  site	  to	  facilitate	  
binding	  to	  the	  bumped	  glycan.	  Thus,	  the	  ppGalNAcT	  mutant	  is	  able	  to	  append	  the	  
tagged	  GalNAc	  moiety	  to	  polypeptide	  acceptors,	  and	  the	  glycoprotein	  targets	  of	  that	  
family	  member	  are	  subsequently	  labeled	  with	  an	  affinity	  handle	  or	  fluorescent	  
probe	  for	  further	  analysis11,15.	  This	  technique	  enables	  identification	  of	  the	  unique	  
glycoproteins	  that	  are	  modified	  by	  an	  individual	  ppGalNAcT,	  a	  cornerstone	  in	  
understanding	  the	  biological	  function	  of	  O-‐GalNAc	  glycosylation.	  
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Figure	  1-‐2.	  Bump-‐hole	  approach	  to	  a	  sugar	  donor-‐glycosyltransferase	  pair.	  A	  mutant	  
ppGalNAcT	  is	  generated	  by	  enlarging	  the	  active	  site	  of	  one	  family	  member,	  making	  it	  
possible	  to	  bind	  a	  donor	  substrate	  with	  a	  bump	  and	  chemical	  handle	  (red).	  A	  labeled	  GalNAc	  
is	  appended	  to	  Ser/	  Thr	  on	  acceptor	  proteins,	  generating	  a	  pool	  of	  labeled	  glycoprotein	  
substrates.	  The	  native	  enzyme	  does	  not	  react	  with	  the	  modified	  donor	  substrate.	  

1.2.	  O-‐GalNAc	  glycosylation	  	  

In	  the	  post-‐genomic	  era,	  it	  is	  now	  appreciated	  that	  higher	  organisms	  have	  a	  vast	  
array	  of	  post-‐translational	  modifications	  that	  modulate	  the	  structure	  and	  function	  of	  
proteins6,11,16-‐18.	  Among	  these,	  glycosylation	  is	  conserved	  across	  all	  domains	  of	  life	  
and	  is	  recognized	  as	  the	  most	  structurally	  complex	  post-‐translational	  
modification19.	  Unlike	  DNA	  transcription	  and	  translation,	  glycan	  biosynthesis	  is	  not	  
template	  driven.	  This	  poses	  analytical	  challenges	  that	  have	  significantly	  hampered	  
progress	  in	  understanding	  glycosylation.	  Many	  glycosylation	  patterns	  are	  
responsive	  to	  the	  cellular	  environment	  and	  are	  rapidly	  tuned	  by	  the	  
glycosyltransferases	  and	  glycosidases	  that	  append	  or	  remove	  particular	  
modifications4,17,20.	  Thus,	  glycoproteins	  elaborated	  with	  diverse	  glycan	  structures	  
can	  encode	  subtle	  information	  with	  high	  temporal	  resolution.	  O-‐GalNAc	  
glycosylation	  is	  one	  of	  the	  most	  abundant	  forms	  of	  glycosylation	  in	  higher	  
eukaryotes5,10,21.	  It	  has	  been	  shown	  to	  play	  a	  role	  in	  embryonic	  development,	  the	  
immune	  response,	  host-‐pathogen	  interactions,	  and	  cancer	  progression5,10,21.	  
	  
O-‐GalNAc	  glycosylation	  has	  long	  been	  known	  as	  mucin-‐type	  glycosylation	  because	  
O-‐GalNAc	  glycosylation	  was	  first	  reported	  on	  secreted	  glycoproteins	  in	  epithelial	  
mucosa22,23.	  These	  glycoproteins,	  called	  mucins,	  are	  major	  components	  of	  the	  mucus	  
layer	  that	  serves	  as	  a	  protective	  barrier	  between	  the	  external	  environment	  and	  
epithelial	  cells	  in	  the	  gastrointestinal,	  respiratory,	  and	  urogenital	  tracts24.	  Mucins	  
are	  recognized	  by	  tandem	  repeats	  of	  proline,	  serine,	  and	  threonine	  that	  are	  densely	  
glycosylated	  and	  result	  in	  rigid,	  extended	  protein	  structures24-‐27.	  The	  definition	  of	  
mucins	  was	  later	  expanded	  to	  include	  mucin-‐type	  glycoproteins,	  after	  the	  discovery	  
of	  membrane-‐bound	  proteins	  on	  epithelial	  cells	  characterized	  by	  the	  same	  
repetitive	  primary	  sequences	  rich	  in	  O-‐glycosylation	  found	  in	  mucins28.	  As	  of	  1990,	  
individual	  glycoproteins	  with	  these	  characteristic	  mucin-‐domains	  became	  members	  
of	  the	  MUC	  gene	  family	  as	  they	  were	  discovered28.	  O-‐GalNAc	  glycosylated	  proteins	  
that	  lack	  some	  of	  the	  distinctive	  structural	  features	  of	  mucins	  have	  subsequently	  
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been	  discovered.	  These	  proteins	  were	  labeled	  as	  mucin-‐like	  glycoproteins	  or	  as	  
mucin-‐type	  because	  they	  contained	  O-‐GalNAc	  glycosylation29.	  
	  
New	  paradigms	  in	  the	  field	  of	  O-‐GalNAc	  glycosylation	  have	  arisen	  in	  the	  past	  few	  
years	  in	  large	  part	  due	  to	  the	  influx	  of	  new	  data.	  One	  of	  the	  most	  dramatic	  advances	  
has	  been	  the	  use	  of	  cells	  with	  biosynthetically	  truncated	  O-‐glycan	  structures	  to	  
enable	  O-‐glycoproteomics.	  Mass-‐spectrometry-‐based	  proteomics	  relies	  on	  
databases	  of	  proteins	  and	  their	  derivative	  peptides	  to	  categorize	  individual	  ions30.	  
To	  identify	  post-‐translational	  modifications,	  predicted	  masses	  are	  supplied	  to	  these	  
protein	  databases30.	  Complex	  O-‐glycans	  are	  large	  and	  heterogeneous,	  making	  it	  
technically	  infeasible	  to	  input	  all	  possible	  masses.	  Without	  a	  means	  of	  chemically	  or	  
enzymatically	  de-‐glycosylating	  these	  structures,	  peptides	  containing	  O-‐glycosites	  
cannot	  be	  identified	  by	  traditional	  proteomic	  methods31.	  By	  truncating	  O-‐glycans	  
during	  their	  biosynthesis,	  new	  O-‐GalNAc	  glycosylated	  proteins	  and	  glycosites	  have	  
been	  identified31-‐33.	  Many	  of	  these	  glycoproteins	  and	  glycosites	  deviate	  significantly	  
from	  the	  classical	  definition	  of	  a	  mucin8.	  Although	  O-‐GalNAc	  glycoproteins	  with	  
these	  characteristics	  were	  known	  previously,	  the	  diversity	  of	  proteins	  with	  O-‐
GalNAc	  glycosylation	  and	  the	  location	  of	  individual	  O-‐GalNAc	  sites	  demonstrates	  
that	  mucins	  are	  not	  the	  predominant	  glycoproteins	  modified	  with	  O-‐GalNAc.	  
Although	  all	  O-‐GalNAc	  glycosylated	  proteins	  used	  to	  be	  characterized	  as	  mucins,	  
mucin-‐type,	  or	  mucin-‐like	  glycoproteins,	  it	  now	  appears	  that	  mucins	  are	  only	  a	  
subset	  of	  proteins	  with	  this	  posttranslational	  modification.	  Therefore,	  O-‐GalNAc	  
glycosylation	  is	  a	  more	  accurate	  description	  of	  this	  branch	  of	  O-‐glycosylation,	  rather	  
than	  mucin-‐type	  glycosylation.	  

1.2.1.	  Structure	  and	  biosynthesis	  of	  O-‐GalNAc	  glycans	  

In	  animals,	  serine	  (Ser)	  and	  threonine	  (Thr)	  hydroxyl	  groups	  of	  proteins	  in	  the	  
secretory	  pathway	  may	  be	  modified	  with	  complex	  O-‐glycans	  (Figure	  1-‐3)29,34.	  These	  
glycan	  structures	  are	  composed	  of	  an	  α-‐linked	  O-‐GalNAc	  (GalNAcα-‐O-‐Ser/Thr)	  
moiety,	  known	  as	  the	  Tn	  antigen,	  which	  can	  be	  elaborated	  with	  other	  
monosaccharides	  to	  form	  several	  core	  glycan	  structures	  (Figure	  1-‐3)10,34.	  Different	  
core	  structures	  can	  occur	  on	  a	  single	  protein	  scaffold,	  and	  their	  presence	  depends	  
on	  the	  competing	  activity	  of	  many	  glycosyltransferases34.	  The	  initial	  installation	  of	  
α-‐GalNAc	  to	  generate	  Tn	  antigen	  is	  carried	  out	  by	  the	  ppGalNAcT	  family7,34.	  	  
	  
Subsequently,	  T	  synthase	  (β1-‐3	  galactosyltransferase),	  which	  is	  expressed	  in	  most	  
cell	  types,	  can	  transfer	  galactose	  (Gal)	  to	  generate	  the	  evolutionarily	  conserved,	  
mammalian	  core	  1	  structure	  (Galβ1-‐3GalNacα-‐O-‐Ser/Thr)(Figure	  1-‐3)10,34.	  C.	  
elegans	  and	  Drosophila	  also	  express	  the	  core	  1	  β1-‐3	  galactosyltransferase	  gene,	  and	  
one	  and	  four	  transferases	  have	  been	  functionally	  described	  in	  each	  species,	  
respectively10.	  If	  the	  core	  1	  structure	  is	  not	  elaborated	  by	  another	  
glycosyltransferase,	  it	  is	  antigenic	  and	  is	  known	  as	  the	  T	  antigen34-‐36.	  Core	  1	  is	  the	  
most	  common	  elaboration	  of	  O-‐GalNAc,	  and	  upon	  the	  addition	  of	  N-‐
acetylglucosamine	  (GlcNAc)	  to	  GalNAc,	  it	  can	  become	  the	  core	  2	  structure	  
(GlcNAcβ1-‐6(Galβ1-‐3)GalNAcα-‐O-‐Ser/Thr)(Figure	  1-‐4)10,34.	  Conversion	  of	  core	  1	  
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structures	  by	  β1-‐6	  N-‐acetylglucosaminyltransferase	  to	  core	  2	  structures	  is	  regulated	  
during	  embryonic	  development,	  lymphocyte	  activation,	  and	  cytokine	  stimulation34.	  
	  

	  

Figure	  1-‐3.	  Complex	  O-‐glycans	  and	  common	  antigenic	  structures.	  

Alternately,	  the	  Tn	  antigen	  can	  be	  elaborated	  by	  β1-‐3	  N-‐
acetylglucosaminyltransferase	  to	  generate	  the	  core	  3	  structure,	  which	  is	  
predominantly	  found	  in	  mucous	  epithelia	  of	  the	  gastrointestinal	  and	  respiratory	  
tracts	  and	  the	  salivary	  glands34.	  Core	  3	  (GlcNAcβ1-‐3GalNAcα-‐O-‐Ser/Thr)	  and	  the	  
branched	  elaboration	  of	  core	  3	  that	  forms	  core	  4	  (GlcNAcβ1-‐6(GlcNAcβ1-‐
3)GalNAcα-‐O-‐Ser/Thr)	  have	  restricted	  expression	  in	  healthy	  tissue	  (Figure	  1-‐4)4,34.	  
Other	  less	  common	  core	  structures	  are	  often	  found	  in	  cancerous	  tissue34.	  Sialic	  acid	  
(Sia)	  can	  cap	  the	  core	  structures	  to	  yield	  a	  range	  of	  antigenic	  structures	  often	  
associated	  with	  malignancy	  including	  the	  Sialyl-‐Tn	  antigen	  (Siaα2-‐6GalNAcα-‐O-‐
Ser/Thr)(Figure	  1-‐3)34,35,37.	  Some	  core	  structures	  can	  be	  extended	  by	  further	  
branching	  and	  elongated	  linear	  chains	  that	  may	  carry	  antigens	  such	  as	  the	  glycans	  
that	  determine	  the	  ABO	  and	  Lewis	  blood	  groups34,38.	  
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Figure	  1-‐4.	  Other	  core	  structures	  of	  O-‐GalNAc	  glycans.	  

The	   glycosyltransferases	   described	   above,	   and	   many	   others,	   closely	   regulate	   the	  
cell-‐surface	   expression	   of	   O-‐GalNAc	   glycans	   in	   a	   spatially	   and	   temporally	   specific	  
fashion.	  A	   cell’s	   fate	   is	   frequently	   tied	   to	   its	   glycosylation	   state,	   as	   exemplified	   by	  
cellular	   reprogramming	   during	   cancer39.	   Many	   tumor	   types,	   particularly	   those	   of	  
epithelial	  origin,	  are	  characterized	  by	  altered	  cell-‐surface	  O-‐glycosylation.	  Reduced	  
activity	  of	  elaborating	  glycosyltransferases	  or	  increased	  activity	  of	  ppGalNAcTs	  can	  
cause	   overexpression	   of	   truncated	   glycan	   epitopes	   including	   Tn,	   Sialyl-‐Tn,	   and	   T	  
antigens,	  which	  impair	  cell-‐cell	  contact	  and	  increase	  metastatic	  potential10.	  	  

1.2.2.	  The	  biology	  of	  mucin-‐type	  glycoproteins	  

Mucin-‐type	  glycoproteins	  are	  found	  on	  the	  cell	  surface	  and	  in	  the	  extracellular	  
matrix	  and	  are	  characterized	  by	  densely	  O-‐glycosylated	  domains	  that	  confer	  an	  
extended,	  rigid	  protein	  structure	  that	  can	  be	  hundreds	  of	  nanometers	  in	  length5.	  
These	  mucin	  domains	  may	  occur	  10-‐100	  times	  within	  a	  particular	  glycoprotein,	  
resulting	  in	  a	  biomolecule	  that	  is	  greater	  than	  50%	  glycan	  by	  molecular	  weight36,40.	  
Mucin-‐type	  glycan	  structures	  are	  often	  branched	  and	  composed	  of	  a	  variety	  of	  
monosaccharides	  appended	  in	  different	  combinations,	  such	  that	  heterogeneity	  of	  
glycan	  structures	  occurs	  on	  a	  single	  protein	  scaffold34.	  These	  structural	  features	  
make	  it	  possible	  for	  mucins	  to	  extend	  above	  the	  cell	  surface,	  where	  they	  can	  mediate	  
interactions	  with	  neighboring	  cells	  and	  the	  extracellular	  environment5,34.	  	  
	  
The	  aberrant	  glycosylation	  of	  the	  mucin	  MUC1	  has	  been	  implicated	  in	  most	  
carcinomas	  including	  breast	  cancer,	  but	  the	  source	  of	  this	  altered	  glycosylation	  has	  
not	  been	  identified	  37,41.	  The	  GALNT6	  gene	  encoding	  ppGalNAcT6	  is	  upregulated	  in	  
the	  majority	  of	  breast	  cancers41.	  Park	  et	  al.	  demonstrated	  that	  siRNA-‐mediated	  
knockdown	  of	  either	  GALNT6	  or	  MUC1	  improved	  cellular	  morphology	  and	  adhesion	  
in	  diverse	  breast	  carcinoma	  lines41.	  Furthermore,	  ppGalNAcT6	  glycosylated	  MUC1	  in	  
vitro	  and	  in	  vivo	  and	  appeared	  to	  stabilize	  MUC1	  protein,	  as	  measured	  by	  higher	  
levels	  of	  MUC1	  protein	  with	  increased	  GALNT6	  expression,	  independent	  of	  MUC1	  
transcript	  levels.	  Finally,	  GALNT6	  or	  MUC1	  depletion	  reduced	  cell	  proliferation	  in	  a	  
cell	  culture	  model.	  These	  results	  imply	  a	  role	  for	  ppGalNacT6	  in	  the	  glycosylation	  of	  
the	  MUC1	  antigen,	  resulting	  in	  altered	  cell	  adhesion	  and	  carcinoma	  proliferation41.	  
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Mucin	  O-‐glycoproteins	  have	  been	  shown	  to	  play	  a	  direct	  role	  in	  modulating	  the	  
immune	  response.	  In	  the	  case	  of	  the	  tyrosine	  phosphatase	  CD45,	  glycans	  mediate	  
protein-‐protein	  interactions	  on	  the	  surface	  of	  T-‐cells21.	  As	  a	  monomer	  with	  three	  
mucin	  domains,	  the	  cytoplasmic	  domain	  of	  CD45	  associates	  with	  the	  protein	  kinase	  
Lck,	  stimulating	  downstream	  T-‐cell	  activation.	  However,	  alternative	  splicing	  to	  
remove	  the	  mucin	  domains	  induces	  cell-‐surface	  CD45	  homodimer	  formation	  and	  
prevents	  the	  Lck	  signaling	  cascades,	  returning	  T-‐cells	  to	  their	  resting	  state21.	  It	  has	  
also	  been	  shown	  that	  these	  mucin	  domains	  play	  a	  role	  in	  galectin-‐1	  mediated	  T-‐cell	  
death.	  In	  particular,	  core-‐2	  glycans	  on	  CD45	  are	  required	  for	  high	  affinity	  
interactions	  with	  galectin-‐1,	  reducing	  tyrosine	  phosphatase	  activity	  and	  stimulating	  
apoptosis42.	  In	  this	  example,	  both	  the	  presence	  of	  glycans	  and	  the	  particular	  glycan	  
structure	  plays	  a	  critical	  role	  in	  T-‐cell	  maturation.	  
	  
O-‐glycans	  also	  mediate	  ligand	  receptor	  binding	  and	  pathogen	  entry.	  Glycoprotein	  B	  
(gB)	  of	  herpes	  simplex	  virus	  I	  (HSV-‐1)	  must	  be	  glycosylated	  with	  sialic	  acid	  to	  bind	  a	  
cellular	  receptor	  critical	  to	  viral	  entry43,44.	  This	  cellular	  receptor,	  paired	  
immunoglobulin-‐like	  type	  2	  receptor	  α	  (PILRα),	  is	  found	  on	  the	  surface	  of	  
hematopoietic	  and	  nonhematopoietic	  cells	  and	  normally	  binds	  its	  cellular	  ligand	  
CD99	  via	  sialylated	  residues	  on	  the	  ligand43,44.	  Sialylated	  residues	  on	  gB	  mimic	  this	  
interaction,	  and	  point	  mutations	  to	  remove	  critical	  glycosylated	  threonine	  residues	  
T53A	  or	  T53/480A	  on	  gB	  eliminate	  recognition	  by	  PILRα43,44.	  Loss	  of	  this	  
interaction	  abrogates	  viral	  entry	  into	  cells	  expressing	  PILRα43,44.	  Thus,	  by	  
expressing	  sialylated	  O-‐GalNAc	  epitopes,	  HSV-‐1	  mimics	  natural	  ligand-‐receptor	  
interactions	  and	  facilitates	  infection.	  
	  
Mucins	  are	  critical	  during	  development,	  such	  that	  loss	  of	  particular	  mucin	  structures	  
yields	  embryonic	  death	  in	  Drosophila	  and	  mice10.	  Due	  to	  their	  role	  in	  cell-‐cell	  
adhesion,	  mucins	  play	  a	  critical	  role	  in	  embryonic	  patterning	  and	  cell	  migration5,10.	  
Loss	  of	  the	  T	  synthase	  gene	  during	  mouse	  development	  impairs	  formation	  of	  the	  
vascular	  and	  tubular	  systems,	  such	  that	  gene	  knockout	  induces	  fatal	  brain	  
hemorrhage	  by	  embryonic	  day	  14,	  while	  reduced	  enzyme	  activity	  causes	  kidney	  
failure	  and	  death	  within	  200	  days5,10.	  Ablation	  of	  T	  synthase	  is	  also	  lethal	  in	  
Drosophila	  due	  to	  fatal	  morphogenesis	  defects	  of	  the	  ventral	  nervous	  cord	  and	  brain	  
hemispheres45.	  

1.3.	  The	  ppGalNAcT	  family	  

Due	  to	  the	  range	  of	  critical	  functions	  attributed	  to	  glycans,	  it	  is	  very	  important	  to	  
understand	  the	  extent	  and	  the	  timing	  of	  these	  post-‐translational	  modifications46,47.	  
However,	  unlike	  the	  biosynthesis	  of	  nucleic	  acids	  and	  proteins,	  glycosylation	  is	  not	  
genetically	  encoded	  and	  cannot	  be	  controlled	  directly48.	  Therefore,	  one	  of	  the	  most	  
promising	  techniques	  to	  discern	  the	  function	  of	  particular	  glycan	  modifications	  is	  to	  
study	  the	  glycosylation	  enzymes	  that	  install	  them,	  particularly	  by	  genetic	  or	  
chemical	  perturbation12,47,49,50.	  Among	  the	  many	  glycosyltransferases	  involved	  in	  
mucin	  biosynthesis,	  the	  ppGalNAcT	  family	  plays	  a	  unique	  role	  in	  selecting	  the	  
proteins	  destined	  to	  become	  O-‐GalNAc	  glycoproteins	  (Figure	  1-‐5).	  This	  makes	  them	  
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an	  attractive	  target	  to	  study	  the	  regulation	  of	  O-‐glycosylation	  and	  to	  identify	  
therapeutic	  glycoprotein	  targets.	  
	  

	  
Figure	  1-‐5.	  The	  ppGalNAcTs	  initiate	  O-‐GalNAc	  glycosylation.	  The	  ppGalNAcTs	  accept	  the	  
nucleotide	  sugar	  UDP-‐GalNAc	  as	  a	  donor	  substrate.	  Acceptor	  peptides	  or	  proteins	  are	  
glycosylated	  at	  Ser/	  Thr	  residues	  with	  an	  α-‐GalNAc	  moiety.	  	  

The	  ppGalNAcTs	  are	  Golgi	  resident	  enzymes	  whose	  sub-‐localization	  within	  the	  Golgi	  
network	  may	  reflect	  their	  individual	  roles	  regulating	  O-‐GalNAc	  protein	  
glycosylation13,51,52.	  Like	  other	  Golgi-‐resident	  glycosyltransferases,	  the	  ppGalNAcTs	  
are	  type	  II	  transmembrane	  proteins	  with	  an	  N-‐terminal	  cytoplasmic	  region,	  a	  
transmembrane	  domain,	  a	  variable	  stem	  region,	  and	  a	  soluble	  catalytic	  domain7,10.	  
However,	  unlike	  other	  glycosyltransferases,	  the	  ppGalNAcTs	  also	  have	  a	  soluble	  
lectin	  domain	  that	  can	  bind	  GalNAc	  already	  installed	  on	  a	  peptide	  backbone10,53.	  	  
	  
As	  shown	  in	  Figure	  1-‐6,	  several	  ppGalNAcT	  family	  members	  may	  act	  sequentially	  on	  
the	  same	  protein	  substrate	  within	  the	  Golgi,	  altering	  the	  affinity	  of	  other	  ppGalNAcT	  
family	  members	  for	  that	  substrate14,21,53.	  The	  ppGalNAcTs	  are	  categorized	  based	  on	  
their	  substrate	  preferences	  for	  peptide	  substrates	  in	  vitro,	  specifically	  whether	  the	  
peptide	  has	  been	  previously	  glycosylated.	  These	  substrate	  preferences	  likely	  reflect	  
the	  order	  in	  which	  these	  different	  family	  members	  act	  on	  a	  protein	  as	  it	  progresses	  
through	  the	  secretory	  pathway.	  Those	  ppGalNAcTs	  that	  preferentially	  modify	  
unglycosylated	  peptides	  are	  believed	  to	  initiate	  glycosylation	  on	  protein	  substrates,	  
while	  ppGalNAcTs	  that	  prefer	  to	  modify	  glycopeptides	  likely	  act	  later	  on	  the	  same	  
protein	  substrates.	  Recent	  work	  by	  Gill	  et	  al.	  suggests	  that	  the	  ppGalNAcTs	  are	  
sometimes	  trafficked	  to	  the	  endoplasmic	  reticulum7,51,54.	  This	  results	  in	  denser	  O-‐
GalNAc	  glycosylation	  patterns	  in	  the	  absence	  of	  competition	  by	  the	  elaborating	  
glycosyltransferases	  that	  act	  on	  these	  substrates	  in	  the	  Golgi51,54.	  	  
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Figure	  1-‐6.	  Distribution	  of	  Golgi-‐resident	  ppGalNAcTs	  may	  reflect	  their	  acceptor	  
substrate	  preferences.	  Different	  ppGalNAcT	  family	  members	  add	  GalNAc	  (orange	  square)	  
from	  the	  cis	  to	  the	  trans	  Golgi.	  Monosaccharides	  such	  as	  galactose	  (orange	  circle)	  and	  sialic	  
acid	  (pink	  diamond)	  are	  added	  by	  elaborating	  glycosyltransferases	  during	  glycoprotein	  
maturation.	  Early	  ppGalNAcTs	  prefer	  unmodified	  substrates	  while	  late	  ppGalNAcTs	  act	  on	  
more	  heavily	  glycosylated	  substrates.	  

The	  individual	  ppGalNAcTs	  display	  distinct	  spatial	  and	  temporal	  expression	  
patterns	  during	  mammalian	  and	  fly	  development,	  which	  may	  reflect	  their	  unique	  
roles	  governing	  cell-‐specific	  glycosylation10,12,55.	  Efforts	  to	  establish	  the	  roles	  of	  
individual	  family	  members	  by	  genetic	  knockdown	  have	  demonstrated	  unpredictable	  
functional	  redundancy,	  such	  that	  ablation	  of	  ppGalNAcTs	  1,	  3,	  4,	  5,	  10,	  13,	  and	  4/5	  in	  
mice	  has	  yielded	  only	  partially	  penetrant	  phenotypes5,10,12,13,56,57.	  Until	  2012,	  only	  
one	  ppGalNAcT	  family	  member	  was	  known	  to	  be	  essential	  for	  embryonic	  
development,	  the	  Drosophila	  homolog	  pgant35A.	  There	  is	  not	  a	  human	  homolog	  that	  
is	  known	  to	  have	  similar	  function,	  and	  although	  human	  GALNT11	  shares	  the	  
greatest	  sequence	  similarity	  to	  pgant35A,	  GALNT11	  does	  not	  rescue	  the	  loss	  of	  
pgant35A56.	  
	  
However,	  recent	  work	  by	  Ten	  Hagen	  and	  colleagues	  demonstrates	  that	  five	  of	  the	  14	  
known	  ppGalNAcT	  homologs	  (pgants)	  are	  necessary	  for	  viability.	  The	  authors	  
generated	  Drosophila	  lines	  where	  the	  inducible	  Gal4	  promoter	  controls	  expression	  
of	  RNAi	  targeting	  each	  individual	  pgant.	  When	  these	  lines	  are	  crossed	  with	  flies	  
expressing	  the	  Gal4	  driver,	  RNAi	  expression	  targeting	  these	  family	  members	  is	  
lethal.	  All	  5	  pgants	  are	  necessary	  in	  a	  tissue-‐specific	  fashion,	  as	  confirmed	  by	  crosses	  
with	  Gal4	  driver	  lines	  that	  induce	  RNAi	  expression	  in	  individual	  tissues	  of	  the	  
developing	  embryo.	  Lethality	  is	  observed	  for	  some	  tissues	  unless	  multiple	  pgants	  
are	  expressed,	  including	  the	  digestive	  tract	  and	  mesoderm.	  Four	  of	  the	  5	  pgants	  are	  
critical	  to	  respiratory	  system	  function,	  and	  one	  of	  these	  is	  essential	  for	  viability.	  The	  
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human	  homologs	  to	  which	  these	  5	  pgants	  correspond	  most	  closely	  include	  GALNT1,	  
7,	  10,	  and	  11.	  
	  
The	  ppGalNAcT	  family	  has	  increasingly	  been	  implicated	  in	  many	  human	  diseases,	  
particularly	  cancers58-‐62.	  Although	  the	  ppGalNAcTs	  are	  correlated	  to	  disease	  
occurrence	  and	  outcome,	  there	  are	  significantly	  fewer	  data	  about	  the	  specific	  
glycosylated	  substrates	  that	  are	  dysregulated	  in	  these	  diseases.	  Also,	  there	  are	  few	  
examples	  of	  proven	  causative	  relationships	  between	  the	  ppGalNAcTs	  and	  diseases,	  
particularly	  in	  the	  absence	  of	  individual	  glycoproteins	  to	  monitor.	  In	  recent	  years,	  a	  
few	  targets	  of	  individual	  ppGalNAcTs	  have	  been	  identified	  and	  verified	  
biochemically.	  Fibroblast	  growth	  factor-‐23	  (FGF23)	  was	  one	  of	  the	  first	  
glycoproteins	  shown	  to	  be	  glycosylated	  by	  a	  specific	  ppGalNAcT63,64.	  Mutations	  in	  
both	  GALNT3	  and	  FGF23	  were	  both	  identified	  in	  patients	  with	  familial	  tumoral	  
calcinosis	  (FTC),	  which	  ultimately	  led	  researchers	  to	  link	  T3	  with	  FGF23	  
glycosylation64,65.	  	  
	  
O-‐glycosylation	  of	  proteins	  plays	  a	  role	  in	  protein	  secretion	  by	  regulating	  proprotein	  
convertase	  (PC)	  processing	  by	  proteases.	  This	  proprotein	  proteolysis	  is	  a	  major	  
post-‐translational	  modification	  and	  a	  critical	  step	  in	  protein	  maturation	  of	  many	  
cell-‐surface	  and	  secreted	  proteins	  including	  hormones,	  cytokines,	  growth	  factors,	  
and	  receptors66,67.	  O-‐glycosylation	  by	  T3	  and	  T2	  regulates	  the	  PC	  processing	  of	  
FGF23	  and	  angiopoietin-‐like	  protein	  3	  (ANGPTL3),	  respectively.	  Improper	  O-‐
glycosylation	  results	  in	  defective	  proteolysis,	  which	  causes	  a	  failure	  to	  activate	  or	  
inactivate	  the	  glycosylated	  protein.	  	  
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ppGalNAcT	   Correlated	  diseases	   Known	  substrates	   Known	  relationship	  
between	  ppGalNAcT	  +	  
substrate	  glycosylation	  +	  
disease	  

1	   Bladder	  cancer	   mouse	  osteopontin,	  
mouse	  bone	  
sialoprotein68,	  
PSGL-‐1	  

	  

2	   Gastric69,	  brain,	  
hepatocellular	  
carcinomas62;	  oral	  
squamous	  cell	  
carcinoma59;	  
dislipidemia70	  

ANGPTL367,70,	  
EGFR,	  APOCIII,	  IgA	  
hinge,	  and	  lecithin-‐
cholesterol	  
acyltransferase	  

EGFR	  (hepatocellular62,	  
oral59);	  APOCIII	  and	  
ANGPTL3	  (dyslipidemia)	  

3	   Familial	  tumoral	  
calcinosis64,71;	  
Ovarian	  cancer	  

	   FGF23(calcinosis)64	  

6	   Breast41	  and	  gastric72	  
carcinomas;	  
Pancreatic	  cancer	  

fibronectin	  	   Muc	  1	  (breast)	  

7	   Cervical	  cancer;	  
melanoma	  

	   	  

9	   neuroblastoma	   	   	  

10	   Gastric	  carcinoma73	   	   	  

11	   Chronic	  lymphocytic	  
leukemia60;	  
heterotaxy	  disorder74	  

	   	  

12	   Gastric,	  colorectal,	  
breast	  cancers	  

	   	  

13	   Lung	  cancer;	  
neuroblastoma	  

	   	  

14	   Pancreatic	  
carcinoma;	  non-‐
small-‐cell	  lung	  
carcinoma;	  
melanoma;	  ovarian	  
cancer58,61	  

	   Muc	  13	  (ovarian)	  

Pgant4	  
(Drosophila)	  

	   TANGO175	  
	  

	  

Table	  1-‐1.	  Some	  ppGalNAcTs,	  correlated	  human	  diseases,	  and	  known	  substrates.	  	  

In	  the	  case	  of	  FGF23,	  O-‐glycosylation	  by	  ppGalNAcT3	  adjacent	  to	  the	  PC	  processing	  
site	  prevents	  proteolysis,	  and	  results	  in	  the	  secretion	  of	  active	  FGF2364,76.	  Patients	  
with	  FTC	  were	  found	  to	  have	  any	  of	  the	  following	  mutations	  that	  result	  in	  the	  loss	  of	  
active,	  circulating	  FGF23:	  mutations	  in	  GALNT3	  resulting	  in	  loss	  of	  glycosylation	  
activity,	  mutations	  to	  the	  O-‐glycosylation	  site	  adjacent	  to	  the	  PC	  processing	  site	  in	  
FGF23,	  or	  mutations	  in	  FGF23	  causing	  the	  improper	  folding	  and	  secretion	  of	  full-‐
length	  FGF2364.	  Loss	  of	  FGF23	  or	  GALNT3	  in	  mice	  mimics	  FTC	  with	  
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hyperphosphatemia63,65,77,	  suggesting	  a	  causative	  relationship	  between	  FGF23	  
glycosylation	  by	  ppGalNAcT3	  and	  familial	  tumoral	  calcinosis78.	  It	  is	  with	  the	  
knowledge	  of	  the	  ppGalNAcT	  and	  its	  specific	  target	  that	  the	  causative	  role	  of	  
glycosylation	  in	  this	  disease	  has	  become	  clear.	  
	  
Even	  more	  intriguing,	  recent	  work	  has	  implicated	  phosphorylation	  of	  FGF23	  at	  a	  
residue	  adjacent	  to	  the	  glycosylation	  site	  in	  the	  differential	  glycosylation	  of	  FGF2376.	  
When	  phosphorylated,	  FGF23	  is	  not	  glycosylated	  at	  the	  residue	  critical	  for	  PC	  
processing.	  Thus,	  phosphorylation	  increases	  PC	  processing,	  in	  contrast	  to	  
glycosylation.	  Both	  phosphorylation	  and	  O-‐GlcNAcylation,	  dynamic	  and	  
interchangeable	  modifications	  of	  nuclear	  and	  cytoplasmic	  proteins,	  are	  involved	  in	  
crosstalk18,79.	  However,	  because	  most	  known	  kinases	  are	  cytoplasmic	  and	  therefore	  
should	  not	  phosphorylate	  proteins	  in	  the	  secretory	  pathway,	  there	  is	  little	  evidence	  
of	  crosstalk	  between	  O-‐GalNAc	  glycosylation	  and	  phosphorylation.	  Recently	  
identified	  kinases	  that	  are	  resident	  in	  the	  secretory	  pathway	  have	  been	  shown	  to	  
phosphorylate	  FGF2376.	  

1.3.1.	  Technological	  advances	  to	  studying	  O-‐GalNAc	  glycosylation	  

During	  the	  last	  decade,	  there	  has	  been	  a	  focus	  on	  understanding	  the	  substrate	  
specificity	  of	  the	  ppGalNAcTs	  in	  vitro.	  Studies	  have	  shown	  that	  ppGalNAcT	  family	  
members	  have	  both	  unique	  and	  redundant	  peptide	  substrate	  
specificities13,14,53,68,80,81.	  Although	  a	  consensus	  sequence	  for	  the	  ppGalNAcTs	  is	  not	  
known,	  extensive	  work	  with	  peptide	  libraries	  by	  Gerken	  and	  colleagues	  suggest	  
amino	  acid	  motifs	  near	  the	  O-‐glycosylation	  site	  that	  are	  favored	  by	  individual	  
ppGalNAcTs8,82.	  However,	  the	  only	  common	  site	  preference	  that	  has	  been	  identified	  
is	  for	  proline	  residues	  adjacent	  to	  the	  Ser/Thr	  that	  will	  be	  glycosylated8,63.	  
	  
In	  recent	  efforts	  to	  study	  O-‐glycoproteins	  and	  their	  sites	  of	  glycosylation	  in	  cellulo,	  
Clausen	  and	  coworkers	  have	  generated	  cell	  lines	  with	  truncated	  glycans	  
(SimpleCells).	  These	  cell	  lines	  exploit	  a	  known	  mutation	  found	  in	  the	  Jurkat	  and	  LSC	  
cell	  lines,	  where	  the	  glycosyltransferase	  chaperone	  protein	  cosmc	  is	  inactivated31.	  
To	  engineer	  SimpleCells,	  zinc-‐finger	  nucleases	  were	  used	  to	  stably	  knockout	  COSMC	  
(COSMC-‐/-‐).	  In	  the	  absence	  of	  cosmc,	  T	  synthase	  cannot	  generate	  the	  core	  1	  mucin	  
structure.	  This	  results	  in	  the	  loss	  of	  both	  core	  1	  and	  2	  structures,	  which	  usually	  
account	  for	  the	  majority	  of	  mucin	  structures	  in	  healthy	  tissue	  and	  in	  most	  cell	  
lines31.	  	  
	  
In	  general,	  proteomic	  analysis	  of	  O-‐glycoproteins	  is	  prohibitively	  difficult	  because	  
the	  complex	  glycan	  structures	  cannot	  be	  reduced	  to	  a	  single	  uniform	  mass	  that	  can	  
be	  identified	  by	  database	  search.	  By	  simplifying	  the	  structural	  complexity	  of	  the	  O-‐
glycan	  structures	  in	  SimpleCells,	  Clausen	  and	  colleagues	  demonstrated	  that	  it	  was	  
possible	  to	  enrich	  and	  identify	  glycopeptides	  with	  their	  corresponding	  O-‐
glycosites31.	  Application	  of	  SimpleCell	  engineering	  to	  many	  human-‐derived	  cell	  
lines,	  followed	  by	  lectin	  enrichment	  of	  the	  simplified	  glycans	  and	  peptide	  and	  O-‐
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glycopeptide	  identification	  by	  mass	  spectrometry,	  has	  resulted	  in	  the	  discovery	  of	  
many	  new	  glycoproteins	  and	  specific	  O-‐glycosylation	  sites.	  
	  
Due	  in	  large	  part	  to	  the	  O-‐glycoproteomics	  enabled	  with	  SimpleCells,	  many	  existing	  
paradigms	  regarding	  O-‐GalNAc	  glycosylation	  have	  come	  into	  question.	  As	  described	  
earlier	  in	  this	  chapter,	  although	  mucin	  domains	  were	  once	  considered	  a	  hallmark	  of	  
O-‐GalNAc	  glycoproteins,	  they	  are	  only	  a	  subset	  of	  the	  structural	  motifs	  displaying	  O-‐
GalNAc	  glycosylation.	  O-‐GalNAc	  glycosylation	  has	  been	  found	  in	  type-‐I	  and	  type-‐2	  
transmembrane	  stem	  regions	  of	  proteins,	  in	  linker	  regions,	  and	  in	  conserved	  folded	  
domains8.	  Although	  mucins	  play	  many	  important	  biological	  roles,	  these	  findings	  
expand	  the	  known	  space	  of	  O-‐glycoproteins	  and	  suggest	  other	  possible	  roles	  for	  O-‐
GalNAc	  glycosylation.	  	  
	  

	  
Figure	  1-‐7.	  SimpleCell	  (SC)	  engineering	  to	  identify	  ppGalNAcT2	  substrates.	  1)	  
ppGalNAcT2	  knockout	  eliminates	  specific	  glycosites,	  2)	  cells	  are	  lysed,	  3)	  proteins	  are	  
digested	  to	  form	  individual	  peptides	  and	  glycopeptides,	  3)	  samples	  are	  subjected	  to	  MS,	  and	  
the	  T2-‐specific	  glycopeptide	  is	  only	  detected	  in	  the	  SC	  sample.	  

Clausen	  and	  colleagues	  have	  carried	  out	  the	  first	  proteomics	  study	  to	  isolate	  the	  
substrates	  of	  individual	  ppGalNAcTs	  using	  SimpleCells	  and	  ppGalNAcT2	  +/+	  and	  -‐/-‐	  
cell	  lines83.	  In	  this	  study,	  hepatocyte	  cell	  lines	  with	  truncated	  glycans	  (hepatocyte	  
SimpleCells)	  were	  evaluated	  for	  the	  loss	  of	  individual	  O-‐GalNAc	  epitopes	  when	  
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ppGalNAcT2	  was	  knocked	  out	  (Figure	  1-‐7).	  This	  experimental	  design	  is	  challenging	  
because	  the	  results	  depend	  on	  the	  detection	  of	  a	  loss	  of	  signal.	  Compared	  to	  other	  
ppGalNAcTs,	  T2	  is	  hypothesized	  to	  be	  an	  early	  transferase	  that	  glycosylates	  many	  
substrates.	  Therefore,	  it	  was	  one	  of	  the	  best	  candidates	  to	  have	  detectable	  loss	  of	  
signal	  in	  this	  study.	  The	  authors	  found	  73	  glycosites	  that	  were	  only	  identified	  in	  T2	  
+/+	  cells	  and	  30	  sites	  only	  in	  T2	  -‐/-‐	  cells.	  In	  theory,	  the	  73	  glycosites	  unique	  to	  T2	  
+/+	  cells	  were	  substrates	  of	  T2	  specifically.	  	  
	  
There	  were	  several	  candidate	  T2	  protein	  substrates	  identified	  based	  on	  the	  analysis	  
described	  above,	  although	  validation	  of	  these	  results	  was	  non	  trivial.	  The	  authors	  
generated	  synthetic	  peptides	  corresponding	  to	  some	  of	  the	  peptides	  identified	  in	  the	  
proteomic	  analysis	  and	  subjected	  them	  to	  purified	  T2,	  T1,	  T4,	  or	  T11	  in	  vitro.	  Of	  the	  
16	  peptides	  selected	  from	  hits	  in	  T2	  +/+	  cells,	  which	  theoretically	  contain	  glycosites	  
specific	  to	  T2,	  8	  were	  glycosylated	  by	  T2,	  5	  by	  T2	  and	  other	  family	  members,	  and	  3	  
by	  none	  of	  the	  ppGalNAcTs	  tested.	  Of	  the	  5	  peptides	  based	  on	  hits	  in	  T2	  -‐/-‐	  cells,	  2	  
were	  glycosylated	  by	  T2	  and	  other	  family	  members	  and	  3	  were	  not	  glycosylated	  by	  
any	  of	  the	  4	  ppGalNAcTs	  tested.	  These	  results	  demonstrate	  the	  challenges	  
associated	  with	  making	  conclusive	  ppGalNAcT	  substrate	  identifications	  in	  a	  cellular	  
context,	  particularly	  in	  cells	  with	  biochemically	  perturbed	  glycosylation.	  	  
	  
Despite	  the	  advances	  made	  possible	  by	  truncated	  glycans	  in	  the	  SimpleCell	  
technology,	  the	  loss	  of	  major	  glycan	  structures	  limits	  the	  utility	  of	  this	  technology	  
beyond	  cell	  lines.	  Additionally,	  SimpleCell	  technology	  requires	  the	  detection	  of	  an	  
absence	  of	  signal,	  which	  is	  a	  significant	  hindrance	  to	  studying	  individual	  
ppGalNAcTs.	  The	  ppGalNAcTs	  are	  known	  to	  compensate	  for	  the	  loss	  of	  individual	  
family	  members,	  meaning	  that	  sites	  unique	  to	  a	  specific	  ppGalNAcT	  in	  a	  normal	  
cellular	  context	  might	  be	  glycosylated	  by	  other	  ppGalNAcT	  family	  members	  when	  
that	  ppGalNAcT	  is	  knocked	  out.	  Hence,	  this	  long-‐standing	  complication	  is	  not	  
resolved	  by	  SimpleCell	  technology	  combined	  with	  an	  individual	  ppGalNAcT	  
knockout.	  For	  a	  glycoprotein-‐preferring	  ppGalNAcT,	  the	  knockout	  system	  must	  
compete	  with	  all	  other	  sites	  of	  O-‐GalNAc	  glycosylation	  from	  the	  early-‐acting	  
ppGalNAcTs.	  

1.4.	  Bump-‐hole	  engineering	  

In	  humans	  there	  are	  20	  ppGalNAcT	  family	  members	  working	  in	  concert	  during	  the	  
biosynthesis	  of	  O-‐GalNAc	  glycans5.	  Chemically	  targeting	  one	  isoform	  is	  difficult	  
because	  members	  of	  the	  ppGalNAcT	  family	  demonstrate	  a	  high	  level	  of	  structural	  
homology	  and	  all	  utilize	  the	  nucleotide	  sugar	  UDP-‐GalNAc	  as	  a	  donor	  
substrate6,12,47,84,85.	  Efforts	  to	  isolate	  the	  function	  of	  an	  individual	  isoform	  by	  genetic	  
knockdown	  have	  demonstrated	  unpredictable	  functional	  redundancy	  among	  the	  
ppGalNAcTs12,85.	  The	  challenges	  associated	  with	  studying	  the	  ppGalNAcT	  family	  
using	  classical	  genetics	  or	  inhibitors	  have	  demonstrated	  the	  limitations	  of	  these	  
approaches.	  Genetic	  mutation	  and	  knock	  down	  can	  be	  executed	  with	  limited	  
temporal	  control,	  and	  small	  molecules	  can	  rapidly	  alter	  protein	  function,	  but	  often	  
lack	  the	  desired	  specificity49,50.	  	  
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A	  bump-‐hole	  technique	  combines	  the	  specificity	  of	  genetic	  modification	  with	  the	  
temporal	  control	  of	  a	  chemical	  strategy	  by	  mutating	  the	  target	  gene	  to	  be	  uniquely	  
susceptible	  to	  a	  small	  molecule.	  Of	  particular	  value	  is	  that	  fact	  that	  as	  a	  non-‐native	  
substrate,	  the	  small	  molecule	  can	  be	  equipped	  with	  a	  chemical	  handle,	  enabling	  
downstream	  isolation	  and	  identification	  of	  biomolecules	  containing	  that	  handle15.	  
As	  described	  in	  section	  1.1,	  the	  bump-‐hole	  strategy	  involves	  modification	  of	  an	  
individual	  ppGalNAcT	  family	  member	  with	  an	  enlarged	  binding	  pocket	  and	  a	  UDP-‐
GalNAc	  analog	  with	  a	  chemical	  handle.	  This	  pair	  will	  glycosylate	  and	  label	  the	  
specific	  polypeptide	  substrates	  of	  that	  ppGalNAcT,	  enabling	  downstream	  
identification	  of	  labeled	  glycoproteins15,86.	  Unlike	  all	  existing	  technologies	  to	  study	  
ppGalNAcTs,	  a	  bump-‐hole	  pair	  enables	  selective	  enrichment	  of	  ppGalNAcT-‐modified	  
glycoproteins	  independent	  of	  modification	  site,	  degree	  of	  glycosylation,	  or	  
simultaneous	  glycosylation	  by	  other	  ppGalNAcTs.	  

1.4.1.	  Steps	  toward	  bump-‐hole	  engineering	  

Bump-‐hole	  engineering	  has	  its	  roots	  in	  early	  efforts	  to	  achieve	  pharmacological	  
perturbations	  in	  systems	  of	  interest49,87.	  Treatment	  of	  biological	  systems,	  and	  the	  
proteins	  and	  other	  biomolecules	  within	  them,	  with	  drug-‐like	  molecules	  provides	  
insight	  into	  the	  system	  being	  studied.	  Proteins	  have	  been	  the	  focus	  of	  
pharmacological	  research	  because	  they	  have	  myriad	  critical	  cellular	  functions	  and	  
they	  naturally	  interact	  with	  small	  molecules	  such	  as	  cofactors,	  steroid	  hormones,	  
neurotransmitters,	  and	  natural	  products87,88.	  Ideally,	  a	  small	  molecule	  targets	  a	  
specific	  protein,	  but	  frequently	  it	  targets	  a	  family	  of	  proteins	  with	  common	  
structural	  features.	  The	  small	  molecule	  might	  be	  an	  antagonist	  like	  an	  inhibitor	  or	  
an	  agonist	  such	  as	  a	  substrate	  analog.	  	  
	  
Chemically	  perturbing	  a	  protein	  of	  interest	  makes	  it	  possible	  to	  observe	  its	  function	  
within	  a	  system.	  Generally,	  agonists	  and	  antagonists	  are	  opposing	  technologies	  that	  
provide	  different	  but	  often	  complementary	  information	  about	  the	  target.	  An	  
antagonist	  such	  as	  an	  inhibitor	  enables	  the	  analysis	  of	  phenotypes	  due	  to	  the	  loss	  of	  
function	  of	  the	  target.	  A	  substrate	  analog	  agonist	  mimics	  the	  natural	  substrate,	  and	  
can	  activate	  the	  system	  by	  exogenous	  application	  of	  the	  analog.	  Substrate	  analogs	  
equipped	  with	  a	  chemical	  handle	  can	  undergo	  a	  bioorthogonal	  reaction,	  specifically	  
tagging	  the	  products	  of	  a	  target	  enzyme15,80,89.	  Bioorthogonal	  reactions	  proceed	  
readily	  at	  physiological	  pH	  and	  temperature,	  and	  selectively	  in	  the	  presence	  of	  other	  
biological	  functionalities	  to	  form	  a	  unique	  and	  stable	  ligation	  product90.	  
	  	  
Metabolic	  engineering	  takes	  advantage	  of	  promiscuous	  biosynthetic	  enzymes	  to	  
introduce	  substrate	  analogs.	  Cells	  and	  animals	  treated	  with	  analogs	  to	  natural	  
metabolites	  such	  as	  nucleotides,	  amino	  acids,	  and	  sugars	  can	  incorporate	  these	  
analogs	  into	  biomacromolecules	  such	  as	  DNA,	  protein	  primary	  sequences,	  and	  post-‐
translational	  modifications	  of	  proteins.	  Metabolic	  engineering	  using	  tagged	  analogs	  
makes	  it	  possible	  to	  monitor	  the	  fate	  of	  the	  analog	  within	  the	  cell.	  A	  variety	  of	  
classes	  of	  proteins	  have	  been	  studied	  using	  small	  molecule	  analogs	  equipped	  with	  
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the	  well-‐established	  azide	  or	  alkyne	  bioorthogonal	  handles90.	  However,	  these	  
techniques	  are	  generally	  not	  very	  specific	  for	  a	  protein	  of	  interest.	  To	  monitor	  an	  
individual	  enzyme	  that	  uses	  a	  metabolite,	  a	  substrate	  that	  is	  accepted	  by	  a	  range	  of	  
enzymes	  is	  undesirable.	  A	  small	  molecule	  analog	  that	  is	  not	  accepted	  by	  any	  native	  
enzymes	  in	  the	  biological	  system	  is	  said	  to	  be	  ‘orthogonal’	  to	  that	  system.	  By	  
engineering	  a	  protein	  to	  be	  uniquely	  reactive	  with	  an	  orthogonal	  substrate	  analog,	  
the	  function	  of	  a	  specific	  protein	  can	  be	  monitored.	  
	  
Bump-‐hole	  steric	  complementation	  uses	  rational	  design	  to	  match	  expansions	  (or	  
contractions)	  in	  the	  protein	  structure	  to	  corresponding	  structural	  changes	  in	  the	  
substrate	  analog.	  As	  shown	  in	  Figure	  1-‐8,	  bump-‐hole	  steric	  complementation	  can	  
lead	  to	  enzyme	  or	  substrate	  orthogonality	  with	  the	  native	  system.	  Bump-‐hole	  steric	  
complementation	  techniques	  have	  been	  used	  to	  engineer	  enzymes	  such	  as	  ADP-‐
ribosyltransferases,	  ATPases	  (myosin	  and	  kinesin,	  GroEL),	  GTPases	  (G-‐proteins),	  
acetyltransferases,	  and	  glycosyltransferases50,88.	  Other	  classes	  of	  proteins	  include	  
phosphatases	  (inhibitors	  only),	  proteases	  (unique	  peptide	  sequences),	  receptors,	  
and	  DNA/RNA	  binding	  proteins88.	  
	  

	  
Figure	  1-‐8.	  Bump-‐hole	  steric	  complementation.	  

1.4.2.	  Precedent	  for	  bump-‐hole	  engineering	  

A	  central	  goal	  of	  bump-‐hole	  engineering	  is	  to	  ensure	  that	  the	  enzyme-‐substrate	  pair	  
maintains	  native	  activity.	  In	  the	  context	  of	  ppGalNAcT	  engineering,	  the	  goal	  is	  to	  
maintain	  native	  glycosyltransferase	  activity	  and	  polypeptide	  substrate	  specificity.	  
Early	  precedent	  engineering	  proteins	  such	  as	  GTPases,	  7-‐transmembrane	  receptors,	  
kinases,	  and	  nuclear	  hormone	  receptors	  to	  accept	  non-‐native	  ligands	  has	  
demonstrated	  that	  native	  function	  can	  be	  recapitulated	  with	  an	  orthogonal	  
system49.	  In	  particular,	  pioneering	  work	  by	  Shokat	  and	  colleagues	  demonstrated	  the	  
efficacy	  of	  a	  bump-‐hole	  approach	  in	  the	  study	  of	  phosphorylation	  and	  the	  roles	  of	  
individual	  protein	  kinases49,50,91-‐93.	  Much	  like	  O-‐GalNAc	  glycosylation,	  the	  hundreds	  
of	  kinases	  that	  act	  together	  to	  phosphorylate	  proteins	  all	  utilize	  the	  common	  
phosphate	  donor	  adenosine	  triphosphate	  (ATP),	  and	  it	  is	  similarly	  challenging	  to	  
isolate	  the	  activity	  of	  a	  single	  kinase50,94.	  Studies	  have	  shown	  that	  an	  engineered	  
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kinase	  with	  an	  expanded	  ATP	  binding	  pocket	  can	  accept	  enlarged	  ATP	  analogs	  or	  
kinase	  inhibitor	  analogs15,92.	  Engineered	  kinases	  are	  known	  as	  analog-‐sensitized	  
(AS)	  kinases.	  Complementation	  experiments	  have	  demonstrated	  that	  an	  AS-‐kinase	  
can	  rescue	  the	  knockdown	  of	  the	  native	  kinase	  allele,	  which	  is	  one	  demonstration	  
that	  the	  bump-‐hole	  pair	  preserves	  native	  function95,96.	  Because	  the	  bump	  on	  ATP	  
analogs	  are	  installed	  on	  the	  adenosine	  base,	  these	  ATP	  analogs	  are	  termed	  
adenosine*	  triphosphate	  (A*TP).	  
	  
Shokat	  and	  colleagues	  have	  used	  AS-‐kinases	  extensively	  with	  inhibitors	  to	  study	  
cellular	  phenotypes	  arising	  for	  temporally-‐controlled	  loss	  of	  the	  kinase97-‐99.	  For	  
these	  experiments,	  engineering	  to	  generate	  the	  AS	  kinase	  must	  preserve	  its	  activity	  
with	  ATP,	  so	  that	  in	  the	  absence	  of	  the	  inhibitor,	  the	  kinase	  functions	  normally99.	  
When	  AS-‐kinases	  are	  studied	  with	  ATP	  analogs,	  the	  AS	  kinase	  needs	  to	  use	  the	  
analog	  preferentially	  to	  ATP100.	  However,	  engineered	  AS	  kinases	  studied	  with	  
bumped	  inhibitors	  or	  A*TP	  are	  based	  on	  the	  same	  mutations	  in	  the	  active	  site.	  Thus,	  
the	  AS-‐kinases	  studied	  do	  not	  have	  very	  dramatically	  reduced	  or	  absent	  activity	  
with	  ATP.	  Thus,	  AS	  kinases	  utilize	  ATP	  much	  like	  the	  native	  kinase,	  which	  has	  made	  
it	  straightforward	  to	  validate	  that	  the	  AS	  kinase	  functions	  like	  the	  native	  kinase	  in	  a	  
biological	  context101.	  There	  are	  many	  well	  understood	  phenotypes	  specific	  to	  the	  
loss	  of	  individual	  kinases,	  enabling	  Shokat	  and	  coworkers	  to	  demonstrate	  that	  
knockout	  or	  depletion	  of	  the	  wildtype	  kinase	  can	  be	  rescued	  by	  the	  AS-‐kinase.	  

1.4.3.	  Substrate	  labeling	  with	  bump-‐hole	  pairs	  	  

The	  majority	  of	  the	  initial	  work	  with	  kinase	  bump	  hole	  engineering	  was	  based	  on	  
adding	  bumps	  to	  biologically-‐validated	  kinase	  inhibitors.	  Such	  an	  approach	  was	  
particularly	  useful	  because	  ATP	  and	  its	  analogs	  are	  not	  cell	  permeable,	  whereas	  the	  
inhibitors	  allowed	  a	  wide	  variety	  of	  in	  vivo	  experiments.	  After	  early	  work	  with	  AS	  
kinase	  inhibitors	  in	  cellulo,	  Shokat	  and	  coworkers	  generated	  mice	  with	  AS-‐kinase	  
alleles102.	  Because	  A*TP	  could	  not	  be	  used	  in	  mice,	  all	  studies	  in	  this	  animal	  model	  
used	  bumped	  inhibitors.	  	  
	  
Due	  to	  the	  cell	  permeability	  limitation	  of	  A*TP,	  the	  majority	  of	  experiments	  aimed	  at	  
specifically	  labeling	  and	  identifying	  kinase	  substrates	  have	  been	  carried	  out	  in	  cell	  
lysates.	  In	  early	  work,	  lysates	  doped	  with	  a	  purified	  AS-‐kinase,	  or	  containing	  an	  AS	  
kinase	  expressed	  in	  cells	  prior	  to	  lysis,	  were	  treated	  with	  A*TP	  radiolabeled	  at	  the	  
gamma	  phosphate	  position.	  When	  the	  AS-‐kinase	  phosphorylates	  its	  protein	  
substrates	  with	  the	  A*TP	  analog,	  the	  32P	  label	  is	  transferred	  to	  the	  phosphoprotein.	  
This	  makes	  it	  possible	  to	  identify	  the	  radiolabeled	  substrates	  of	  a	  particular	  AS	  
kinase.	  Although	  lysate	  studies	  have	  made	  it	  possible	  to	  identify	  kinase	  substrates,	  
in	  the	  absence	  of	  the	  native	  cellular	  context,	  the	  biological	  relevance	  of	  a	  particular	  
phosphorylation	  event	  is	  unclear.	  In	  2007,	  Allen	  et	  al.	  successfully	  used	  digitonin-‐
permeabilized	  cells	  to	  deliver	  A*TP	  with	  a	  thiophosphate	  at	  the	  gamma	  phosphate	  
(A*TP-‐γ-‐S)15.	  Although	  permeabilized	  cells	  only	  survive	  for	  20-‐30	  minutes,	  that	  is	  
long	  enough	  to	  achieve	  labeling	  of	  AS-‐kinase	  substrates15,103.	  	  
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Figure	  1-‐9.	  A*TP-‐γ-‐S	  kinase	  substrate	  labeling.	  Figure	  reprinted	  with	  permission15.	  
Copyright	  2007,	  Nature	  Publishing	  Group.	  

As	  shown	  in	  Figure	  1-‐9,	  the	  specific	  enrichment	  of	  AS-‐kinase	  substrates	  was	  made	  
possible	  by	  bumped	  thiophosphorylated	  A*TP	  (A*TP-‐γ-‐S).	  This	  thiophosphate	  takes	  
advantage	  of	  the	  concepts	  behind	  bioorthogonal	  chemistry.	  Unlike	  a	  fully	  
bioorthogonal	  reaction,	  the	  reaction	  partner	  for	  thiophosphate	  does	  not	  react	  
uniquely	  with	  thiophosphate.	  To	  be	  able	  to	  visualize	  thiophosphorylated	  proteins,	  
the	  alkylating	  agent	  p-‐nitrobenzyl	  mesylate	  (PNBM)	  is	  used15,104.	  PNBM	  also	  
alkylates	  other	  nucleophiles	  such	  as	  cysteine.	  Therefore	  an	  antibody	  specific	  to	  the	  
alkylated	  thiophosphate	  ester	  was	  developed	  that	  allowed	  the	  preferential	  
enrichment	  of	  this	  epitope.	  This	  methodology	  and	  the	  thiophosphate	  modification	  
make	  it	  possible	  to	  label	  the	  protein	  substrates	  of	  an	  individual	  kinase.	  By	  carrying	  
out	  a	  ligation	  on	  the	  thiophosphorylated	  protein	  substrates	  of	  the	  bump	  hole	  pair,	  
these	  substrates	  can	  be	  enriched	  and	  analyzed	  by	  mass	  spectrometry.	  	  
	  
With	  a	  strategy	  to	  label	  and	  enrich	  kinase	  substrates,	  Shokat	  and	  colleagues	  carried	  
out	  the	  first	  AS-‐kinase	  substrate	  labeling	  experiment	  in	  a	  living	  system105.	  They	  
injected	  zebrafish	  embryos	  at	  the	  one-‐cell	  stage	  with	  AS-‐kinase	  mRNA	  and	  with	  the	  
appropriate	  A*TP-‐γ-‐S105.	  Zebrafish	  injected	  at	  the	  1-‐cell	  stage	  can	  share	  the	  AS-‐
kinase	  mRNA	  and	  A*TP-‐γ-‐S	  with	  all	  of	  their	  daughter	  cells,	  which	  makes	  it	  possible	  
to	  deliver	  ATP	  analogs	  intracellularly.	  
	  
There	  are	  some	  limitations	  to	  the	  A*TP-‐γ-‐S	  ligation	  strategy.	  The	  ability	  to	  utilize	  the	  
thiophosphate	  at	  the	  gamma	  position	  is	  a	  property	  of	  some	  wildtype	  kinases,	  and	  is	  
not	  a	  product	  of	  protein	  engineering	  on	  the	  kinases	  studied.	  Thus,	  some	  native	  
kinases	  can	  accept	  ATP-‐γ-‐S,	  while	  others	  cannot106.	  The	  AS	  kinases	  that	  have	  been	  
studied	  with	  A*TP-‐γ-‐S	  were	  only	  engineered	  to	  have	  an	  enlarged	  binding	  pocket	  
near	  then	  N6	  position	  of	  the	  adenosine	  base	  of	  ATP	  so	  that	  they	  could	  utilize	  
A*TP15,103.	  The	  outcome	  of	  this	  is	  that	  only	  a	  subset	  of	  all	  possible	  AS	  kinases	  can	  
accept	  A*TP-‐γ-‐S,	  unless	  further	  kinase	  bump	  hole	  engineering	  is	  carried	  out	  near	  the	  
binding	  pocket	  for	  the	  gamma	  phosphate.	  
	  
The	  bump-‐hole	  technology	  is	  now	  well	  established,	  and	  recent	  work	  by	  Luo	  and	  
coworkers	  with	  engineered	  protein	  methyltransferases	  has	  demonstrated	  the	  
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versatility	  of	  the	  bump-‐hole	  technique	  with	  other	  families	  of	  enzymes.	  
Methyltransferases	  use	  S-‐adenosyl	  methionine	  (SAM)	  as	  a	  methyl	  donor	  to	  modify	  
proteins	  or	  DNA.	  By	  expanding	  the	  methyl	  group	  on	  SAM	  to	  bulkier	  moieties	  
containing	  an	  alkyne,	  they	  were	  able	  to	  generate	  orthogonal	  SAM	  analogs	  that	  are	  
only	  recognized	  by	  the	  engineered	  methyltransferase107,108.	  These	  alkyne-‐SAM	  
analog	  allowed	  them	  to	  label	  the	  protein	  targets	  of	  individual	  
methyltransferases89,109.	  	  
	  
Enzyme-‐substrate	  engineering	  has	  been	  performed	  on	  a	  very	  limited	  number	  of	  
glycosyltransferases	  and	  is	  an	  emergent	  field.	  A	  small	  portion	  of	  the	  work	  
engineering	  glycosyltransferases	  has	  aimed	  to	  introduce	  non-‐natural	  sugar	  analogs	  
into	  the	  enzymes’	  repertoire110-‐114.	  No	  glycosyltransferase	  enzyme-‐substrate	  
engineering	  has	  utilized	  substrates	  that	  are	  orthogonal	  in	  a	  cellular	  context.	  

1.5.	  Bump-‐hole	  engineering	  to	  label	  specific	  O-‐glycoproteins	  

We	  have	  generated	  a	  bump-‐hole	  system	  by	  engineering	  an	  orthogonal	  ppGalNAcT	  
and	  UDP-‐GalNAc	  analog	  pair	  that	  can	  install	  a	  chemical	  handle	  onto	  O-‐glycoproteins.	  
The	  donor	  substrate	  UDP-‐GalNAc	  is	  modified	  with	  a	  “bump”	  that	  contains	  a	  
chemical	  handle.	  This	  orthogonal	  UDP-‐GalNAc	  analog	  is	  poorly	  accepted	  by	  native	  
ppGalNAcTs,	  but	  is	  readily	  accepted	  by	  a	  modified	  version	  of	  a	  specific	  ppGalNAcT	  
isoform.	  This	  ppGalNAcT	  isoform	  is	  mutated	  with	  a	  corresponding	  “hole”	  in	  the	  
active	  site	  to	  facilitate	  binding	  to	  the	  bumped	  glycan.	  Thus,	  the	  ppGalNAcT	  mutant	  
can	  append	  the	  tagged	  GalNAc	  moiety	  to	  protein	  acceptors,	  and	  the	  glycoprotein	  
targets	  of	  that	  isoform	  can	  be	  subsequently	  labeled	  with	  an	  affinity	  handle	  or	  
fluorescent	  probe	  for	  further	  analysis11,15.	  
	  
Generating	  a	  bump-‐hole	  pair	  requires	  the	  development	  of	  a	  panel	  of	  mutant	  
enzymes	  and	  a	  panel	  of	  UDP-‐GalNAc	  analogs	  (Figure	  1-‐10).	  We	  rationally	  designed	  
the	  panel	  of	  ppGalNAcT	  mutants	  based	  on	  available	  crystal	  structures.	  The	  design	  
and	  cloning	  of	  these	  mutants,	  as	  well	  as	  their	  expression	  in	  mammalian	  cells	  and	  
affinity	  purification	  is	  described	  in	  Chapter	  2.	  The	  panel	  of	  UDP-‐GalNAc	  analogs	  was	  
based	  on	  hexosamine	  analogs	  that	  have	  been	  successfully	  processed	  in	  cells.	  As	  
described	  in	  Chapter	  3,	  we	  designed	  the	  panel	  to	  be	  synthetically	  tractable	  and	  
highly	  diversifiable.	  With	  these	  panels	  in	  hand,	  we	  set	  about	  screening	  for	  enzyme-‐
substrate	  pairs	  that	  demonstrate	  1)	  reactivity	  with	  each	  other,	  2)	  orthogonality	  of	  
the	  analog	  with	  the	  native	  enzymes,	  and	  3)	  unaltered	  preferences	  for	  acceptor	  
peptides/proteins	  compared	  to	  the	  wildtype	  enzyme.	  Our	  work	  screening	  the	  panels	  
and	  validating	  them	  in	  a	  biological	  context	  is	  described	  in	  Chapters	  4.	  
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Figure	  1-‐10.	  Strategy	  to	  develop	  a	  ppGalNAcT	  bump-‐hole	  pair.	  	  
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Chapter	  2. A	  panel	  of	  ppGalNAcT	  mutants	  with	  enlarged	  binding	  
pockets	  

2.1.	  Bump	  hole	  design	  

Previous	  work	  has	  shown	  that	  single	  amino	  acid	  mutations	  in	  the	  active	  site	  of	  β-‐
1,4-‐galactosyltransferase	  (β4Gal-‐T1)	  and	  other	  glycosyltransferases	  expand	  their	  
donor	  substrate	  specificities110-‐113.	  β4Gal-‐T1	  normally	  accepts	  UDP-‐galactose,	  from	  
which	  it	  transfers	  galactose	  to	  terminal	  GlcNAc	  residues.	  The	  point	  mutation	  Y289L	  
expands	  its	  donor	  specificity	  to	  include	  modifications	  at	  the	  C2	  position	  of	  galactose,	  
which	  allows	  β4Gal-‐T1-‐Y289L	  to	  use	  UDP-‐GalNAc	  as	  efficiently	  as	  UDP-‐Gal111.	  
β4Gal-‐T1-‐Y289L	  is	  also	  known	  to	  utilize	  sugars	  modified	  with	  a	  chemical	  handle	  at	  
the	  C2	  position	  such	  as	  C2-‐keto-‐galactose	  and	  GalNAz112,113.	  Activity	  with	  C2-‐keto-‐
Gal	  and	  GalNAz	  is	  robust,	  which	  allows	  β4Gal-‐T1-‐Y289L	  to	  modify	  O-‐GlcNAcylated	  
proteins	  with	  Gal	  analogs	  and	  selectively	  install	  a	  chemical	  handle	  for	  downstream	  
analysis.	  These	  precedents	  set	  the	  stage	  for	  rationally	  designed	  ppGalNAcT	  mutants	  
that	  accept	  novel	  donor	  substrates.	  

2.1.1.	  Selection	  of	  the	  GalNAc	  binding	  pocket	  

	  
Figure	  2-‐1.	  Crystal	  structure	  of	  ppGalNAcT2	  with	  Mn2+,	  UDP,	  and	  EA2	  acceptor	  
peptide	  bound.	  PDB	  ID:	  2FFU.	  

The	  catalytic	  domain	  of	  the	  ppGalNAcTs	  contains	  binding	  sites	  for	  both	  the	  donor	  
and	  acceptor	  substrates115,116.	  Unlike	  other	  glycosyltransferases,	  the	  ppGalNAcT	  
family	  is	  characterized	  by	  a	  unique	  lectin	  domain	  that	  contributes	  to	  acceptor	  
substrate	  recognition	  (Figure	  2-‐1)115-‐117.	  As	  the	  bump-‐hole	  strategy	  aims	  to	  
preserve	  native	  acceptor	  substrate	  preferences,	  we	  sought	  to	  introduce	  mutations	  
only	  in	  the	  donor-‐binding	  site	  of	  the	  catalytic	  domain.	  	  
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Figure	  2-‐2.	  Strategies	  for	  mutating	  the	  ppGalNAcT	  active	  site.	  The	  structure	  of	  UDP-‐
GalNAc	  constrains	  which	  portions	  of	  the	  ppGalNAcT	  active	  site	  should	  be	  mutated.	  The	  
position	  of	  the	  chemical	  handle,	  here	  an	  azide,	  would	  depend	  on	  the	  location	  of	  the	  bumped	  
moiety.	  

To	  enlarge	  a	  suitable	  pocket	  for	  a	  bumped	  substrate,	  two	  regions	  within	  the	  enzyme	  
active	  site	  were	  considered:	  the	  amino	  acids	  surrounding	  either	  the	  uridine	  base	  or	  
the	  GalNAc	  moiety	  (Figure	  2-‐2).	  Correspondingly,	  the	  selection	  of	  amino	  acid	  
residues	  in	  the	  enzyme	  active	  site	  is	  dependent	  on	  the	  ultimate	  position	  of	  the	  bump	  
on	  UDP-‐GalNAc.	  The	  uridine	  or	  GalNAc	  moieties	  are	  both	  potential	  positions	  for	  
donor	  substrate	  modification.	  In	  determining	  what	  functional	  groups	  to	  install	  on	  
our	  UDP	  sugar	  analogs,	  we	  took	  inspiration	  from	  Shokat	  and	  coworkers.	  They	  
observed	  that	  the	  addition	  of	  bulky	  substituents	  such	  as	  benzyl91,93,	  cyclopentyl118,	  
and	  phenethyl119	  groups	  on	  the	  adenosine	  base	  of	  ATP	  are	  ideal	  for	  a	  kinase	  bump-‐
hole	  pair.	  We	  reasoned	  that	  we	  might	  find	  similar	  success	  and	  used	  these	  functional	  
groups	  as	  a	  starting	  point.	  
	  
One	  concern	  we	  anticipated	  is	  the	  dearth	  of	  studies	  that	  explore	  the	  bioavailability	  
of	  nucleotide	  sugars,	  especially	  those	  with	  modified	  nucleotide	  bases.	  Unlike	  the	  
cytoplasmically	  resident	  kinases	  originally	  studied	  with	  bump-‐hole	  engineering,	  the	  
ppGalNAcTs	  are	  Golgi-‐resident	  and	  thus	  UDP-‐sugars	  suffer	  from	  dual	  membrane	  
barriers	  to	  efficient	  delivery.	  For	  our	  UDP-‐GalNAc	  analogs	  to	  be	  correctly	  localized	  
in	  cells,	  they	  must	  traverse	  not	  only	  the	  cell	  membrane,	  but	  also	  the	  Golgi	  stacks	  via	  
nucleotide	  sugar	  transporters120,121.	  It	  is	  unknown	  if	  these	  Golgi	  transporters	  
tolerate	  modifications	  to	  the	  uridine	  base,	  which	  was	  not	  a	  concern	  for	  the	  ATP	  
analogs.	  As	  an	  additional	  confounding	  factor,	  recent	  work	  demonstrates	  that	  UDP-‐
GalNAc	  modified	  at	  the	  uridine	  base	  inhibits	  glycosyltransferase	  activity	  by	  
impeding	  conformational	  changes	  necessary	  for	  enzyme	  activity122.	  
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Ultimately,	  our	  goal	  is	  to	  use	  the	  orthogonal	  ppGalNAcT-‐donor	  substrate	  pair	  to	  
identify	  glycosylated	  substrates	  that	  contain	  GalNAc	  analogs	  with	  a	  chemical	  handle.	  
In	  designing	  UDP-‐GalNAc	  analogs,	  modification	  of	  the	  GalNAc	  moiety	  can	  
simultaneously	  install	  both	  the	  bump	  and	  chemical	  handle.	  Shokat	  and	  colleagues	  
found	  that,	  although	  the	  adenosine	  base	  of	  ATP	  affords	  a	  convenient	  site	  to	  
introduce	  a	  bump,	  identification	  of	  specific	  phosphorylated	  kinase	  targets	  requires	  
the	  installation	  of	  a	  chemical	  handle	  on	  a	  second	  site	  on	  ATP	  to	  enable	  
phosphoprotein	  detection	  or	  enrichment.	  Initially,	  the	  gamma-‐phosphate	  was	  
radiolabeled91.	  Later	  iterations	  utilized	  a	  thiophosphate	  group	  at	  this	  same	  position	  
for	  chemical	  enrichment15,104,106.	  Similarly,	  installation	  of	  the	  bump	  on	  the	  uridine	  
base	  of	  UDP-‐GalNAc	  demands	  an	  additional	  chemical	  handle	  on	  the	  GalNAc	  moiety	  
to	  label	  glycosylated	  substrates	  (Figure	  2-‐2).	  However,	  if	  the	  bump	  is	  located	  on	  the	  
GalNAc	  moiety,	  both	  the	  bump	  and	  the	  chemical	  handle	  can	  be	  installed	  at	  one	  
position	  simultaneously.	  This	  simplifies	  the	  design	  of	  the	  UDP-‐GalNAc	  analogs	  and	  is	  
more	  synthetically	  tractable.	  Because	  of	  these	  key	  advantages	  and	  lack	  of	  major	  
disadvantages,	  we	  elected	  to	  target	  the	  GalNAc	  pocket	  in	  the	  enzyme	  active	  site	  in	  
our	  initial	  mutation	  design.	  

2.1.2.	  Modification	  of	  the	  C8	  position	  of	  GalNAc	  

The	  simultaneous	  installation	  of	  both	  the	  bump	  and	  chemical	  handle	  on	  the	  GalNAc	  
moiety	  is	  an	  attractive	  design	  approach.	  In	  theory,	  if	  the	  ppGalNAcTs	  can	  be	  
engineered	  to	  accept	  the	  corresponding	  UDP-‐GalNAc	  analog,	  then	  any	  position	  on	  
GalNAc	  represents	  a	  potential	  modification	  site.	  Fortunately,	  the	  literature	  is	  rich	  
with	  descriptions	  of	  many	  such	  UDP-‐GalNAc	  analogs	  with	  GalNAc-‐oriented	  
modifications.	  Examples	  include	  2-‐azido46,	  3-‐,	  4-‐,	  and	  6-‐methoxy123,	  6-‐biotinyl124,	  
and	  6-‐azido	  GalNAc,	  all	  of	  which	  promisingly	  abrogate	  native	  ppGalNAcT	  
activity21,46.	  Early	  ppGalNAcT	  engineering	  efforts	  to	  take	  advantage	  of	  6-‐azido	  
substrate	  orthogonality	  were	  unsuccessful6.	  Despite	  the	  orthogonality	  conferred	  by	  
the	  modifications	  of	  these	  analogs,	  other	  considerations	  limited	  us	  from	  pursuing	  
them	  further.	  
	  
While	  the	  orthogonality	  of	  these	  early	  UDP-‐GalNAc	  analogs	  appeared	  promising,	  
another	  major	  design	  goal	  of	  bump-‐hole	  engineering	  is	  to	  minimally	  perturb	  the	  
biological	  system.	  This	  additional	  consideration	  provided	  motivation	  to	  exclude	  
modifications	  at	  several	  positions	  around	  the	  GalNAc	  ring.	  The	  orientation	  of	  the	  
hydroxyl	  group	  at	  the	  C4	  position	  distinguishes	  GalNAc	  from	  GlcNAc,	  therefore	  
modification	  at	  this	  position	  could	  result	  in	  off-‐target	  labeling.	  C4	  analogs	  might	  
disrupt	  not	  only	  ppGalNAcT	  recognition,	  but	  also	  recognition	  by	  enzymes	  that	  
utilize	  GlcNAc	  or	  glucose34.	  The	  C3	  and	  C6	  positions	  are	  necessary	  for	  the	  
elaboration	  of	  the	  Tn	  antigen	  to	  complex	  glycan	  structure	  during	  biosynthesis.	  
Modifications	  to	  the	  C5	  position	  might	  interfere	  with	  glycan	  elaboration	  at	  the	  C6	  
position	  and	  are	  also	  synthetically	  challenging.	  These	  potential	  perturbing	  effects	  
dampened	  our	  enthusiasm	  for	  modification	  at	  C3,	  C4,	  C5,	  and	  C6.	  
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Two	  major	  reasons	  guided	  us	  to	  focus	  on	  engineering	  the	  C8	  position	  of	  GalNAc.	  
First,	  modifications	  at	  the	  C8	  position	  have	  been	  shown	  to	  be	  tolerated	  well	  by	  
cells85,125,126,	  thereby	  fostering	  the	  goal	  of	  biocompatibility	  and	  increasing	  the	  
likelihood	  of	  achieving	  good	  signal	  to	  noise.	  Second,	  modifications	  at	  the	  C8	  position	  
are	  much	  more	  synthetically	  tractable,	  allowing	  the	  generation	  of	  a	  much	  larger	  
panel	  than	  would	  be	  possible	  if	  modifying	  the	  other	  positions.	  
	  
One	  possible	  liability	  of	  modifying	  the	  C8	  position	  of	  GalNAc	  is	  the	  vulnerability	  of	  
the	  N-‐acyl	  side	  chain	  of	  hexosamine	  sugars	  to	  enzymatic	  hydrolysis.	  Specifically,	  
after	  GlcNAc	  is	  converted	  to	  GlcNAc-‐6-‐phosphate,	  the	  N-‐acyl	  side	  chain	  can	  be	  
metabolized	  and	  removed	  to	  yield	  glucosamine	  and	  acetate127-‐129.	  The	  acetate	  can	  
then	  be	  activated	  on	  CoA	  and	  participate	  in	  protein	  acetylation127-‐129.	  N-‐acyl	  
modified	  GlcNAc	  analogs	  can	  be	  metabolized	  in	  the	  same	  fashion,	  including	  N-‐
glycolylglucosamine128	  and	  N-‐(4-‐pentynoyl)glucosamine130(Figure	  2-‐3).	  Indeed,	  this	  
alternative	  metabolic	  pathway	  has	  been	  used	  to	  selectively	  deliver	  an	  alkyne	  tag	  to	  
acetylated	  proteins	  by	  feeding	  cells	  1-‐deoxy-‐N-‐pentynyl	  glucosamine129.	  

	  
Figure	  2-‐3.	  GlcNAc	  analogs	  known	  to	  be	  de-‐N-‐acetylated.	  	  

Such	  a	  fate	  is	  unlikely	  or	  irrelevant	  to	  our	  bumped	  GalNAc	  analogs.	  Metabolism	  of	  a	  
GalNAc	  analog	  to	  the	  GlcNAc	  analog	  and	  subsequent	  de-‐N-‐acetylation	  requires	  the	  
concerted	  activity	  of	  several	  enzymes.	  First,	  the	  C4-‐epimerase,	  GALE,	  would	  need	  to	  
convert	  the	  UDP-‐GalNAc	  analog	  to	  the	  corresponding	  UDP-‐GlcNAc	  analog127,131.	  
UDP-‐GlcNAc	  can	  be	  converted	  into	  ManNAc	  and	  then	  to	  both	  sialic	  acid	  and	  
GlcNAc127,128.	  Only	  after	  GlcNAc	  is	  phosphorylated	  to	  form	  GlcNAc-‐6-‐phosphate	  can	  
the	  N-‐acyl	  side	  chain	  be	  removed127-‐129.	  Not	  only	  would	  this	  metabolic	  fate	  require	  
the	  action	  of	  many	  biosynthetic	  enzymes,	  but	  formation	  of	  the	  UDP-‐GlcNAc	  analog	  
would	  also	  enable	  labeling	  of	  other	  sugar	  pathways.	  Loss	  of	  the	  N-‐acyl	  side	  chain	  
would	  be	  one	  of	  several	  possible	  causes	  of	  off-‐target	  labeling	  if	  the	  GalNAc	  analog	  
could	  be	  converted	  to	  the	  UDP-‐GlcNAc	  analog.	  Thus,	  lability	  of	  the	  N-‐acyl	  side	  chain	  
is	  a	  negligible	  concern	  when	  selecting	  a	  position	  on	  GalNAc	  to	  install	  the	  bump	  and	  
chemical	  handle.	  

2.1.3.	  Identifying	  gatekeeper	  residues	  

Having	  resolved	  to	  “bump”	  the	  C8	  position	  of	  the	  GalNAc	  moiety	  within	  UDP-‐
GalNAc,	  we	  next	  needed	  to	  identify	  the	  amino	  acid	  residues	  to	  mutate	  in	  order	  to	  
create	  a	  corresponding	  “hole”	  within	  the	  enzyme	  active	  site.	  We	  turned	  to	  
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ppGalNAcT	  crystal	  structures	  to	  inform	  our	  selection	  of	  a	  target	  isoform	  and	  
residues	  for	  mutagenesis.	  Three	  ppGalNAcT	  isoforms,	  T1,	  T2,	  and	  T10,	  have	  been	  
crystallized115,116,132.	  Among	  these,	  T1	  and	  T2	  are	  the	  most	  ubiquitously	  expressed	  
isoforms	  in	  the	  embryonic	  mouse12,13.	  In	  vitro	  data	  indicate	  that	  T1	  and	  T2	  
specifically	  append	  α-‐GalNAc	  to	  mono-‐	  and	  unglycosylated	  peptides,	  whereas	  T10	  
binds	  and	  modifies	  only	  highly	  glycosylated	  peptides12-‐14.	  Together,	  these	  data	  
suggest	  that	  T1	  and	  T2	  may	  have	  a	  more	  accessible	  substrate	  pool,	  enabling	  easy	  
identification	  of	  transferase	  acceptor	  substrates	  from	  naked	  peptide	  pools.	  	  
	  
While	  murine	  T1	  has	  been	  crystallized	  as	  an	  apoenzyme,	  human	  T2	  (hT2)	  has	  been	  
crystallized	  with	  UDP	  and	  co-‐crystallized	  with	  UDP	  and	  the	  acceptor	  peptide116,132.	  
This	  crystal	  structure	  is	  an	  excellent	  guide	  for	  design	  and	  makes	  hT2	  a	  promising	  
first	  target.	  Although	  the	  hT2	  crystal	  structure	  is	  not	  ideal	  for	  selecting	  residues	  that	  
interact	  with	  the	  donor	  substrate	  due	  to	  the	  absence	  of	  the	  GalNAc	  moiety,	  hT10	  has	  
been	  co-‐crystallized	  with	  Mn2+,	  UDP,	  and	  GalNAc115,116,133.	  The	  high	  degree	  of	  
conservation	  in	  ppGalNAcT	  sequences	  and	  the	  structural	  conservation	  among	  
glycosyltransferases	  enable	  hT0	  to	  complement	  the	  h2	  structure	  as	  a	  good	  model	  for	  
the	  donor	  substrate	  binding	  site6,12.	  
	  

	  
Figure	  2-‐4.	  Residues	  within	  5	  Å	  of	  GalNAc.	  A.	  Hydrophobic	  interactions	  (dashed	  line)	  
between	  imidazole	  ring	  of	  H370	  and	  GalNAc	  C8;	  hydrogen	  bonding	  (dashed	  line)	  between	  
backbone	  NH	  of	  G320	  and	  GalNAc	  O7	  B.	  Gatekeeper	  residues	  (green)	  are	  promising	  targets	  
for	  mutagenesis	  (PDB	  ID:	  2D7I).	  

Analysis	  of	  crystal	  structures	  yields	  several	  candidate	  gatekeeper	  residues.	  The	  
crystal	  structures	  reveal	  several	  residues	  that	  interact	  directly	  with	  GalNAc.	  Two	  
interact	  with	  components	  of	  the	  C2	  N-‐acetyl	  group:	  His370	  with	  C8	  and	  Gly320	  with	  
O7	  (Figure	  2-‐4a)115.	  Unfortunately,	  neither	  of	  these	  residues	  is	  a	  suitable	  target	  for	  
mutation.	  His370	  also	  coordinates	  Mn2+,	  which	  makes	  it	  critical	  for	  enzyme	  activity,	  
and	  Gly320	  does	  not	  possess	  a	  side	  chain	  that	  can	  be	  targeted	  with	  rational	  
design115.	  Promisingly,	  our	  modeling	  of	  space-‐filling	  interactions	  in	  the	  hT10	  active	  
site	  indicates	  3	  potential	  “gatekeeper”	  residues	  within	  5Å	  of	  GalNAc:	  Ile266,	  Leu321,	  
and	  Tyr372	  (Figure	  2-‐4b).	  
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Homologous	  residues	  in	  human	  ppGalNAcT2	  were	  identified	  by	  comparing	  an	  
amino	  acid	  sequence	  alignment	  of	  hT10	  and	  hT2.	  Both	  I266	  and	  L321	  are	  conserved	  
in	  T2	  as	  I253	  and	  L310,	  respectively.	  Y372	  demonstrates	  moderate	  conservation	  as	  
the	  aromatic	  residue	  F361	  (Figure	  2-‐5).	  Among	  these	  gatekeeper	  residues,	  F361	  is	  
the	  bulkiest	  and	  therefore	  is	  the	  most	  promising	  single	  amino	  acid	  change	  to	  expand	  
the	  GalNAc	  binding	  pocket	  (Figure	  1-‐6).	  However,	  mutations	  to	  F361	  might	  interfere	  
with	  substrate	  specificity,	  as	  it	  has	  been	  shown	  to	  interact	  with	  the	  acceptor	  peptide	  
in	  the	  co-‐crystal	  of	  hT2,	  Mn2+,	  UDP,	  and	  EA2	  peptide116,133.	  Specifically,	  F361	  is	  one	  
of	  4	  residues	  that	  form	  a	  hydrophobic	  pocket	  where	  the	  +3	  proline	  in	  the	  peptide	  
sequence	  binds.	  ppGalNAcT2	  strongly	  prefers	  proline	  at	  the	  +3	  position	  of	  the	  
acceptor	  sequence,	  so	  F361	  may	  be	  critical	  for	  acceptor	  substrate	  recognition	  or	  in	  
glycosyltransferase	  activity.	  We	  address	  this	  concern	  by	  developing	  several	  
mutants:	  F361A	  and	  F361S,	  as	  well	  as	  I253A,	  L310A,	  and	  the	  double	  mutant	  
I253A/L310A.	  
	  

	   	  
Figure	  2-‐5.	  Alignment	  of	  human	  ppGalNAcT	  family	  members	  1-‐14.	  Isoforms	  are	  
grouped	  according	  to	  overall	  sequence	  homology	  using	  a	  CLUSTALW	  alignment.	  Sequences	  
near	  proposed	  mutation	  sites	  corresponding	  to	  hT2	  positions	  I253,	  L310,	  and	  F361	  (bold)	  
are	  shown.	  

Among	  human	  ppGalNAcT	  isoforms	  1-‐14,	  the	  amino	  acid	  corresponding	  to	  position	  
361	  in	  T2	  is	  conserved	  almost	  exclusively	  as	  either	  a	  Phe	  or	  a	  Tyr	  (Figure	  2-‐5)116.	  
Therefore,	  Ala	  and	  Ser	  were	  selected	  to	  replace	  F361	  because	  these	  smaller	  residues	  
emulate	  the	  nonpolar	  or	  hydrogen	  bond	  donating	  character,	  respectively,	  and	  
should	  maintain	  a	  similar	  electronic	  environment	  while	  expanding	  the	  active	  site	  by	  
occupying	  less	  space.	  Similarly,	  Ala	  mutants	  I253A,	  L310A,	  and	  I253A/L310A	  
maintain	  the	  nonpolar	  character	  of	  the	  original	  amino	  acids,	  while	  occupying	  less	  
space	  in	  the	  active	  site.	  	  
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Figure	  2-‐6.	  Gatekeeper	  residues	  in	  ppGalNAcT2.	  Space-‐filling	  representation	  of	  residues	  
within	  4	  Å	  of	  UDP	  (blue	  mesh)	  with	  gatekeeper	  residues	  (green	  mesh)	  and	  UDP	  (red).	  PDB	  
ID:	  2FFU.	  

2.2.	  Development	  of	  ppGalNAcT	  expression	  constructs	  

We	  set	  out	  to	  engineer	  ppGalNAcT2	  using	  structure-‐guided	  rational	  design.	  To	  this	  
end,	  we	  developed	  a	  panel	  of	  hT2	  mutants	  for	  in	  vitro	  studies.	  We	  also	  cloned	  
ppGalNAcT1	  and	  the	  analogous	  mutants.	  The	  T1	  panel	  will	  aid	  in	  evaluating	  
whether	  trends	  in	  bump-‐hole	  reactivity	  are	  easily	  translatable	  between	  ppGalNAcT	  
family	  members.	  Promising	  results	  with	  an	  hT2	  double	  mutant	  and	  UDP-‐GalNAc	  
analog	  pair	  (Chapter	  4)	  inspired	  us	  to	  clone	  the	  transferases	  hT7	  and	  hT10	  and	  
generate	  the	  wildtype	  and	  double	  mutant	  in	  both	  family	  members.	  The	  
glycopeptide-‐preferring	  ppGalNAcT	  isoforms	  7	  and	  10	  are	  considered	  late	  
transferases,	  and	  are	  uniquely	  suited	  to	  studies	  with	  bump-‐hole	  engineering.	  	  

2.2.1.	  Secretion	  constructs	  of	  hT2	  

Tabak	  and	  colleagues	  previously	  developed	  secretion	  constructs	  of	  several	  
ppGalNAcT	  isoforms	  for	  expression	  in	  cultured	  mammalian	  cells13,134.	  The	  Tabak	  
laboratory	  generously	  provided	  full-‐length	  wildtype	  human	  ppGalNAcT2	  in	  the	  
pCMV	  NTAP	  vector.	  pCMV	  NTAP	  contains	  an	  N-‐terminal	  FLAG	  and	  6x	  His	  tags	  as	  
well	  as	  a	  kanamycin/neomycin	  resistance	  cassette	  for	  selection.	  We	  began	  
developing	  mammalian	  expression	  protocols	  for	  COS-‐7	  and	  HEK	  293T	  cells	  using	  
this	  construct.	  We	  evaluated	  protein	  expression	  in	  conditioned	  media	  and	  cell	  
lysates	  by	  SDS-‐PAGE	  and	  α-‐FLAG	  Western	  blotting.	  Concurrently,	  we	  generated	  the	  
active	  site	  mutants	  F361S	  and	  F361A	  by	  site-‐directed	  mutagenesis.	  	  
	  
The	  codons	  selected	  for	  the	  alanine	  (GCC)	  and	  serine	  (TCC)	  mutations	  are	  based	  on	  
the	  frequency	  of	  codon	  use	  in	  the	  human	  genome135.	  Initial	  efforts	  to	  generate	  the	  
mutants	  F361A	  and	  F361S	  according	  to	  the	  QuikChange™	  site-‐directed	  mutagenesis	  
protocol	  using	  fully	  overlapping	  primers	  were	  unsuccessful.	  However,	  a	  modified	  
protocol	  described	  in	  Zheng	  et	  al.	  (2004)	  using	  staggered	  forward	  and	  reverse	  
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primers	  yielded	  positive	  clones	  of	  F361S	  and	  F361A136.	  This	  modified	  QuikChange™	  
protocol	  was	  used	  for	  all	  point	  mutations	  generated	  by	  site-‐directed	  mutagenesis.	  
	  
To	  facilitate	  the	  expression	  of	  secreted	  proteins,	  full-‐length	  wildtype	  and	  mutant	  
hT2	  were	  cloned	  into	  the	  commercial	  mammalian	  secretion	  vector	  p3xFLAG-‐CMV™-‐
8,	  which	  contains	  an	  N-‐terminal	  preprotrypsin	  leader	  sequence	  and	  3xFLAG	  tag	  and	  
an	  ampicillin	  resistance	  cassette.	  We	  then	  generated	  soluble	  hT2	  by	  removing	  the	  N-‐
terminal	  transmembrane	  domain	  from	  hT2	  WT,	  F361A,	  and	  F361S.	  The	  soluble	  
domains	  of	  ppGalNAcT2	  include	  both	  the	  catalytic	  and	  lectin	  domains,	  and	  our	  
truncation	  constructs	  were	  designed	  based	  on	  work	  by	  Tabak	  and	  coworkers137,138.	  	  
	  
Early	  experiments	  expressing	  these	  full-‐length	  and	  truncated	  hT2	  constructs	  in	  COS-‐
7	  and	  HEK	  293T	  cells	  indicated	  that,	  as	  anticipated,	  truncated	  hT2	  is	  expressed,	  
secreted,	  and	  purified	  more	  efficiently	  than	  the	  full-‐length	  construct.	  Full-‐length	  hT2	  
should	  not	  be	  secreted	  because	  the	  transmembrane	  domain	  inhibits	  secretion	  and	  
solubility.	  Therefore,	  we	  focused	  on	  optimizing	  the	  purification	  of	  truncated	  hT2	  
from	  conditioned	  media	  by	  α-‐FLAG	  immunoprecipitation.	  We	  found	  that	  proteins	  
were	  not	  readily	  purified	  with	  the	  3xFLAG	  tag	  due	  to	  poor	  elution	  from	  the	  α-‐FLAG	  
resin.	  	  
	  
To	  improve	  the	  elution	  of	  constructs	  during	  FLAG	  purification,	  we	  chose	  to	  move	  
them	  into	  a	  vector	  with	  a	  single	  FLAG	  tag.	  We	  cloned	  the	  truncated	  hT2	  WT,	  F361A,	  
and	  F361S	  constructs	  from	  p3xFLAG-‐CMV™-‐8	  into	  pFLAG-‐Myc-‐CMV™-‐19,	  which	  
contains	  an	  N-‐terminal	  preprotrypsin	  leader	  sequence	  and	  FLAG	  tag,	  as	  well	  as	  an	  
ampicillin	  resistance	  cassette.	  I253A,	  L310A,	  and	  I253A/L310A	  were	  generated	  via	  
site-‐directed	  mutagenesis	  from	  WT	  truncated	  hT2	  in	  pFLAG-‐Myc-‐CMV™-‐19.	  We	  
confirmed	  that	  active	  transferases	  were	  generated	  as	  described	  in	  Chapter	  4.	  
	  

	  
Figure	  2-‐7.	  Design	  of	  ppGalNAcT	  secretion	  constructs.	  

After	  the	  hT2	  I253A/L310A	  mutant	  demonstrated	  promising	  reactivity	  trends	  with	  
UDP-‐GalNAc	  and	  analogs,	  we	  were	  interested	  in	  evaluating	  its	  activity	  in	  cellulo.	  
Thus,	  we	  designed	  full-‐length	  hT2	  wildtype	  and	  double	  mutant	  constructs	  for	  
transient,	  intracellular	  expression.	  We	  did	  not	  possess	  full-‐length	  constructs	  of	  
I253A/L310A,	  so	  we	  amplified	  the	  full-‐length	  wildtype	  hT2	  from	  the	  original	  
construct	  provided	  by	  the	  Tabak	  lab	  and	  cloned	  it	  into	  the	  pFLAG-‐CMV™-‐2	  vector.	  
The	  pFLAG-‐CMV™-‐2	  vector	  is	  designed	  for	  intracellular	  expression	  of	  proteins	  and	  
contains	  an	  N-‐terminal	  FLAG	  tag	  and	  an	  ampicillin	  resistance	  cassette.	  We	  then	  
generated	  the	  double	  mutant	  by	  two	  rounds	  of	  site-‐directed	  mutagenesis	  as	  
described	  above.	  However,	  we	  recently	  discovered	  a	  mutation	  at	  the	  N-‐terminus	  of	  
the	  WT	  and	  double	  mutant	  constructs	  that	  arose	  by	  mis-‐priming	  when	  the	  full-‐
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length	  gene	  was	  first	  cloned	  into	  pFLAG-‐CMV™-‐2.	  We	  are	  currently	  correcting	  this	  
mutation	  in	  both	  constructs.	  

2.2.2.	  Other	  ppGalNAcT	  family	  members	  

To	  determine	  whether	  the	  bump-‐hole	  technology	  could	  be	  extended	  to	  other	  
ppGalNAcT	  family	  members,	  we	  generated	  a	  panel	  of	  ppGalNAcT1	  mutants	  
homologous	  to	  the	  hT2	  panel.	  Human	  T1	  was	  selected	  because	  it	  is	  also	  considered	  
an	  early	  transferase,	  but	  it	  is	  evolutionarily	  divergent	  from	  hT263.	  The	  N-‐terminal	  
truncation	  of	  hT1	  was	  designed	  based	  on	  online	  bioinformatics	  tools	  to	  predict	  the	  
transmembrane	  region,	  as	  well	  as	  previously	  published	  T1	  truncation	  mutants138.	  
We	  used	  hT1	  nucleotide	  sequence	  with	  accession	  number	  X85018	  in	  the	  NCBI	  
database.	  We	  synthesized	  the	  soluble	  portion	  of	  wildtype	  ppGalNAcT1	  by	  modified	  
Golden	  Gate	  assembly	  using	  gene	  segments	  (gBlocks)	  that	  were	  made	  
commercially139.	  The	  truncated	  wildtype	  gene	  was	  cloned	  into	  pFLAG-‐Myc-‐CMV™-‐
19.	  The	  mutants	  (F346A,	  F346S,	  I238A,	  L295A,	  and	  I238A/L310A)	  are	  homologous	  
to	  the	  hT2	  mutants	  and	  were	  generated	  using	  site-‐directed	  mutagenesis.	  
	  
Golden	  Gate	  assembly	  relies	  on	  the	  generation	  of	  unique	  sticky	  ends	  among	  all	  
components	  to	  be	  assembled	  in	  the	  final	  plasmid.	  The	  target	  vector	  is	  subjected	  to	  
restriction	  digest	  with	  NotI	  and	  EcoRI	  to	  generate	  sticky	  ends	  for	  directional	  cloning	  
of	  the	  synthesized	  gene.	  The	  gBlocks	  are	  designed	  to	  create	  unique	  sticky	  ends	  upon	  
BsaI	  cleavage	  so	  that	  the	  gBlocks	  can	  only	  assemble	  in	  one	  orientation.	  The	  5’	  end	  of	  
the	  first	  gBlock	  (5’-‐gBlock1)	  generates	  a	  NotI	  overhang	  for	  annealing	  with	  the	  
digested	  vector.	  The	  3’	  end	  of	  gBlock1	  (3’-‐gBlock1)	  generates	  an	  overhang	  
complementary	  to	  5’-‐gBlock2,	  and	  5’-‐gBlock2	  generates	  an	  overhang	  
complementary	  to	  3’-‐gBlock1.	  3’-‐gBlock2	  generates	  an	  overhang	  complementary	  to	  
5’-‐gBlock3,	  and	  5’-‐gBlock3	  generates	  an	  overhang	  complementary	  to	  3’-‐gBlock2.	  
The	  assembly	  of	  internal	  gBlocks	  can	  proceed	  indefinitely	  in	  this	  manner.	  The	  3’	  end	  
of	  the	  final	  gBlock	  generates	  an	  EcoRI	  overhang	  for	  annealing	  with	  the	  digested	  
vector.	  	  

	  
Figure	  2-‐8.	  Gene	  assembly	  by	  Golden	  Gate	  cloning.	  

Exploring	  the	  substrate	  specificities	  of	  late	  transferases	  represents	  a	  uniquely	  
powerful	  application	  of	  our	  bump-‐hole	  technology.	  Because	  the	  glycoprotein	  
substrates	  on	  which	  they	  act	  are	  heavily	  glycosylated,	  it	  is	  extremely	  difficult	  to	  
confirm	  late	  ppGalNAcT	  activity	  in	  vivo.	  Thus,	  we	  synthesized	  truncated	  and	  full	  
length	  variants	  of	  ppGalNAcT7	  and	  T10	  for	  both	  the	  wildtype	  and	  double	  mutant	  
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genes.	  The	  double	  mutants	  of	  hT7	  (I330A/L391A)	  and	  hT10	  (I266A/L321A)	  are	  
homologous	  to	  the	  hT2	  double	  mutant.	  
	  
Based	  on	  the	  synthesis	  of	  human	  T1,	  we	  synthesized	  the	  genes	  for	  human	  T7	  and	  
T10	  by	  Golden	  Gate	  assembly	  using	  gBlocks.	  The	  nucleotide	  sequences	  in	  the	  NCBI	  
database	  were	  referenced	  to	  synthesize	  hT7	  (AJ002744)	  and	  hT10	  (AJ_505950).	  
The	  N-‐terminal	  truncations	  were	  made	  by	  cleaving	  at	  the	  end	  or	  middle	  of	  the	  
disordered	  domain	  that	  follows	  the	  transmembrane	  domain.	  These	  domains	  were	  
identified	  with	  online	  protein	  secondary	  structure	  predictors,	  and	  published	  
truncations	  were	  also	  referenced	  for	  T7140	  and	  T10115,141,142.	  	  
	  
GBlock	  gene	  segments	  were	  used	  to	  synthesize	  both	  genes	  in	  a	  modular	  fashion,	  
such	  that	  combinatorial	  assembly	  of	  different	  gBlocks	  generates	  truncated	  and	  full-‐
length	  and	  wildtype	  and	  double	  mutant	  alleles	  in	  parallel.	  With	  different	  
combinations	  of	  gBlocks,	  we	  cloned	  2	  full-‐length	  and	  2	  truncated	  constructs	  
corresponding	  to	  the	  wildtype	  and	  double	  mutant	  of	  each	  gene,	  producing	  8	  
constructs	  in	  total	  of	  hT7	  and	  hT10.	  The	  truncated	  constructs	  were	  cloned	  into	  the	  
secretion	  plasmid	  pFLAG-‐Myc-‐CMV™-‐19	  vector,	  while	  the	  full-‐length	  constructs	  
were	  cloned	  into	  the	  pFLAG-‐CMV™-‐2	  vector.	  The	  soluble	  constructs	  are	  intended	  for	  
in	  vitro	  characterization,	  and	  full-‐length	  constructs	  will	  be	  utilized	  for	  experiments	  
in	  cellulo.	  
	  
Experiments	  with	  the	  full-‐length	  constructs	  of	  T7	  and	  T10	  including	  
immunocytochemistry	  and	  cellular	  fractionation	  indicated	  that	  the	  N-‐terminal	  FLAG	  
might	  have	  been	  disrupting	  proper	  localization	  of	  the	  full-‐length	  enzymes.	  This	  
interference	  should	  have	  been	  anticipated,	  as	  most	  work	  with	  membrane-‐resident	  
Golgi	  enzymes	  uses	  a	  C-‐terminal	  tag	  to	  minimize	  interference	  with	  the	  protein’s	  
natural	  signal	  sequence.	  In	  the	  case	  of	  the	  ppGalNAcTs,	  the	  transmembrane	  domain	  
serves	  as	  the	  signal	  sequence.	  Although	  the	  naturally-‐occurring	  protein	  has	  basic	  
residues	  upstream	  of	  the	  transmembrane	  domain	  (as	  the	  FLAG	  tag	  is	  also),	  these	  
residues	  reside	  on	  the	  cytoplasmic	  side	  of	  the	  Golgi	  and	  may	  be	  involved	  in	  binding	  
to	  chaperones	  or	  tethering	  proteins	  that	  help	  maintain	  the	  proper	  position	  of	  the	  
enzyme	  within	  the	  Golgi	  stack63.	  Because	  the	  FLAG	  tag	  is	  upstream	  of	  these	  residues,	  
it	  could	  interfere	  with	  this	  or	  other	  N-‐terminally	  directed	  methods	  of	  properly	  
localizing	  the	  enzyme	  to	  the	  Golgi.	  	  
	  
We	  relocated	  the	  FLAG	  tag	  in	  all	  of	  the	  full-‐length	  constructs	  from	  the	  N-‐	  to	  the	  C-‐
terminus.	  We	  employed	  a	  PCR-‐based	  strategy	  for	  insertions	  and	  deletions	  that	  uses	  
the	  same	  principles	  as	  site-‐directed	  mutagenesis143.	  We	  first	  removed	  the	  FLAG	  tag	  
by	  amplifying	  the	  entire	  plasmid	  and	  gene	  excluding	  the	  FLAG	  tag.	  We	  then	  
introduced	  the	  FLAG	  tag	  at	  the	  C-‐terminus	  of	  the	  hT2	  gene	  in	  a	  similar	  fashion	  using	  
overhanging	  primers.	  The	  wildtype	  and	  double	  mutant	  of	  full-‐length	  T7	  and	  T10	  
were	  all	  re-‐cloned	  in	  parallel.	  We	  will	  use	  the	  same	  protocol	  to	  relocate	  the	  FLAG	  tag	  
in	  the	  full-‐length	  hT2	  constructs.	  



	   31	  

2.3.	  Preparation	  of	  secreted	  transferase	  soluble	  domains	  

We	  have	  optimized	  a	  protocol	  for	  expression	  and	  purification	  of	  active	  transferases	  
from	  Human	  Embryonic	  Kidney	  (HEK)	  293T	  cells.	  As	  described	  below,	  the	  protocol	  
is	  initiated	  by	  transient	  transfection,	  followed	  by	  48	  hours	  of	  protein	  expression,	  
clarification	  of	  the	  conditioned	  medium,	  and	  α-‐FLAG	  immunoprecipitation.	  All	  12	  
hT2	  and	  hT1	  constructs	  have	  been	  purified	  by	  this	  methodology.	  As	  described	  in	  
Chapter	  4,	  the	  activity	  of	  the	  purified	  proteins	  has	  been	  validated	  with	  the	  model	  
acceptor	  peptide	  EA2	  and	  UDP-‐GalNAc	  and/or	  UDP-‐GalNAz	  (2.1)	  for	  8	  of	  the	  12	  
proteins.	  
	  

	  
Figure	  2-‐9.	  UDP-‐GalNAc	  and	  azide-‐modified	  analog	  UDP-‐GalNAz	  are	  ppGalNAcT	  
substrates.	  

2.3.1.	  Mammalian	  transfection	  and	  purification	  

Twenty-‐four	  hours	  prior	  to	  transfection,	  HEK293T	  cells	  are	  split	  at	  a	  density	  that	  
achieves	  60	  –	  70%	  confluence	  when	  the	  cells	  are	  transfected.	  To	  achieve	  
comparable	  cell	  densities	  on	  all	  experimental	  plates,	  several	  confluent	  plates	  are	  
treated	  with	  trypsin,	  the	  single-‐cell	  suspensions	  are	  pooled,	  and	  this	  suspension	  is	  
divided	  evenly	  among	  seven	  10-‐cm	  plates	  (1	  plate	  per	  ppGalNAcT	  construct	  and	  1	  
mock	  transfection).	  Transfection	  is	  carried	  out	  the	  following	  day	  according	  to	  the	  
manufacturer’s	  protocol.	  We	  found	  that	  it	  is	  challenging	  to	  reproducibly	  express	  the	  
wildtype	  and	  mutant	  enzymes	  at	  the	  same	  concentrations.	  It	  is	  important	  to	  achieve	  
equal	  expression	  of	  the	  secreted	  protein	  because	  protein	  concentrations	  are	  low	  and	  
are	  therefore	  difficult	  to	  quantitate	  accurately.	  To	  improve	  confidence	  that	  the	  same	  
quantities	  of	  enzymes	  are	  compared	  in	  our	  activity	  screens,	  we	  focused	  on	  
reproducing	  our	  early	  experiments	  in	  which	  all	  constructs	  were	  expressed	  at	  equal	  
levels.	  These	  successful	  prior	  experiments	  demonstrated	  that	  uneven	  expression	  
levels	  are	  not	  intrinsic	  to	  the	  mutants	  themselves.	  We	  found	  that	  transfecting	  plates	  
of	  HEK293T	  cells	  at	  equal	  densities	  with	  high	  quality	  DNA	  dissolved	  at	  the	  same	  
concentration	  in	  the	  stock	  solutions	  (~1	  µg/µL)	  gives	  equal	  expression	  of	  all	  
mutants	  consistently.	  	  
	  
We	  found	  that	  when	  preparing	  large	  amounts	  of	  DNA	  from	  E.	  coli,	  as	  is	  necessary	  for	  
mammalian	  expression	  experiments,	  the	  precipitated	  DNA	  pellet	  isolated	  at	  the	  final	  
step	  is	  often	  difficult	  to	  re-‐solubilize	  completely.	  The	  pellet	  is	  glassy	  and	  difficult	  to	  
see,	  and	  can	  be	  easily	  over-‐dried	  after	  precipitation,	  resulting	  in	  non-‐homogenous	  
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DNA	  solutions.	  We	  hypothesized	  that	  larger	  DNA	  pellets	  generated	  by	  Qiagen	  
Maxiprep	  (	  300	  –	  500	  µg	  DNA	  total)	  were	  more	  difficult	  to	  solubilize	  than	  the	  DNA	  
pellets	  generated	  by	  Midiprep	  (75	  –	  100	  µg	  DNA	  total).	  We	  found	  that	  by	  dividing	  
the	  eluted	  DNA	  from	  a	  Maxiprep	  prior	  to	  isopropanol	  precipitation	  (or	  by	  using	  
Midipreps),	  and	  by	  drying	  the	  pellets	  for	  no	  longer	  than	  10	  minutes	  in	  air,	  the	  
smaller	  pellets	  were	  dissolved	  readily.	  We	  also	  diluted	  the	  DNA	  samples	  to	  the	  same	  
concentration	  (based	  on	  the	  lowest	  concentration	  sample),	  to	  ensure	  that	  different	  
mutants	  had	  identical	  conditions.	  These	  modifications	  resulted	  in	  excellent	  
reproducibility	  among	  mutants	  and	  across	  experiments.	  Good	  protein	  production	  by	  
the	  HEK	  293T	  cells	  is	  correlated	  with	  cells	  detaching	  from	  the	  monolayer	  on	  the	  
surface	  of	  the	  plate.	  At	  48	  h	  post-‐transfection,	  a	  large	  number	  of	  cells	  are	  floating,	  
resembling	  cells	  that	  have	  been	  treated	  with	  trypsin.	  This	  may	  reflect	  cytotoxicity	  
due	  to	  protein	  expression,	  or	  changes	  in	  the	  cell	  surface	  and/	  or	  extracellular	  matrix	  
due	  to	  ppGalNAcT	  overexpression.	  We	  saw	  this	  phenomenon	  with	  all	  mutants,	  
including	  those	  that	  did	  not	  appear	  to	  be	  active	  in	  vitro.	  
	  
Our	  protocol	  recovers	  soluble	  proteins	  from	  the	  conditioned	  media,	  so	  we	  changed	  
the	  media	  24	  h	  post-‐transfection	  to	  remove	  any	  transfection	  agent.	  This	  was	  to	  
minimize	  possible	  contamination	  with	  the	  transfection	  reagent,	  which	  might	  
increase	  cell	  toxicity,	  affect	  protein	  stability	  or	  solubility,	  or	  lead	  to	  poor	  
reproducibility.	  Early	  experiments	  evaluating	  protein	  expression	  levels	  in	  which	  the	  
media	  was	  replaced	  every	  24	  h	  for	  96	  h	  demonstrated	  that	  the	  highest	  protein	  levels	  
were	  achieved	  by	  expressing	  protein	  from	  24	  to	  48	  h	  post-‐transfection.	  Although	  
slightly	  higher	  protein	  levels	  could	  be	  achieved	  by	  expressing	  protein	  from	  24	  to	  72	  
h	  without	  a	  media	  change	  at	  48	  h,	  cells	  detached	  from	  the	  plate	  in	  large	  numbers	  by	  
48	  h	  post-‐transfection.	  We	  were	  concerned	  that	  cell	  death	  in	  the	  48	  to	  72	  h	  window	  
might	  result	  in	  lower	  reproducibility	  and	  possible	  protein	  degradation.	  
Consequently,	  for	  the	  experiments	  presented	  in	  this	  dissertation,	  the	  media	  was	  
changed	  24	  h	  after	  transient	  transfection,	  and	  the	  conditioned	  media	  containing	  
secreted	  protein	  was	  harvested	  after	  48	  h.	  Proteins	  were	  purified	  in	  column	  format	  
using	  a	  1.25	  mL	  bed	  of	  α-‐FLAG	  agarose	  resin	  according	  to	  the	  manufacturer’s	  
protocol.	  Protein	  samples	  for	  all	  constructs	  were	  purified	  in	  parallel	  to	  minimize	  
variation	  across	  ppGalNAcT	  mutants.	  
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Figure	  2-‐10.	  ppGalNAcT2	  secretion	  construct	  expression	  and	  purification.	  Predicted	  
MW	  after	  signal	  peptide	  cleavage	  61.6	  kDa.	  

	  
	  

	  
Figure	  2-‐11.	  ppGalNAcT1	  secretion	  construct	  expression	  and	  purification.	  

2.3.2.	  Protein	  quantitation	  

After	  ppGalNAcT	  α-‐FLAG	  immunoprecipitation,	  we	  attempted	  a	  variety	  of	  strategies	  
to	  quantitate	  the	  protein.	  Because	  protein	  was	  eluted	  using	  3x	  FLAG	  peptide,	  protein	  
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quantitation	  required	  correcting	  for	  protein	  concentration	  due	  to	  the	  presence	  of	  
the	  peptide.	  We	  first	  attempted	  to	  use	  a	  traditional	  BCA	  assay	  comparing	  the	  
quantity	  of	  protein	  purified	  from	  mock-‐transfected	  cells	  to	  the	  protein	  purified	  from	  
cells	  expressing	  ppGalNAcTs.	  We	  found	  that	  the	  protein	  concentration	  was	  too	  low	  
to	  measure	  accurately	  in	  this	  fashion.	  We	  attempted	  to	  use	  30	  kDa	  molecular	  weight	  
spin	  cutoff	  filters	  to	  concentrate	  the	  protein	  and	  perform	  a	  buffer	  exchange	  that	  
would	  remove	  the	  peptide.	  Despite	  our	  attempts	  to	  optimize	  the	  manufacturer’s	  
protocol,	  as	  well	  as	  attempting	  purification	  and	  concentration	  on	  different	  scales,	  
our	  overall	  yields	  were	  significantly	  depleted,	  presumably	  caused	  by	  protein	  loss	  
due	  to	  adhesion	  to	  the	  filter.	  We	  then	  attempted	  to	  utilize	  a	  fluorescence-‐based	  
assay	  in	  a	  very	  similar	  fashion	  to	  the	  BCA	  quantitation	  experiments.	  This	  assay	  is	  
supposed	  to	  be	  sensitive	  for	  lower	  protein	  concentrations,	  but	  we	  found	  that	  we	  
could	  not	  distinguish	  signal	  above	  background	  when	  comparing	  protein	  from	  mock	  
transfected	  versus	  transfected	  cells.	  	  
	  
We	  had	  initially	  rejected	  gel-‐based	  quantitation	  assays	  due	  to	  their	  limited	  
sensitivity.	  However,	  we	  realized	  that,	  if	  adequately	  sensitive,	  a	  gel	  would	  allow	  us	  
to	  separate	  the	  peptide	  from	  the	  ppGalNAcT	  protein	  during	  the	  quantification	  
analysis	  itself.	  Colloidal	  blue	  staining	  has	  been	  shown	  to	  behave	  linearly	  when	  
comparing	  a	  protein	  standard	  to	  a	  protein	  of	  interest	  with	  a	  similar	  molecular	  
weight144.	  A	  standard	  curve	  of	  albumin	  was	  generated	  to	  determine	  the	  lower	  limit	  
of	  detection,	  which	  is	  approximately	  15	  –	  30	  ng	  of	  protein,	  and	  the	  linear	  range,	  
which	  is	  approximately	  60	  –	  1000	  ng	  of	  protein.	  Recombinant,	  monomeric	  human	  
albumin	  is	  a	  similar	  molecular	  weight	  to	  the	  ppGalNAcTs,	  and	  is	  a	  good	  protein	  
standard	  for	  colloidal	  blue	  quantification	  of	  ppGalNAcT	  expression.	  
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Figure	  2-‐12.	  Colloidal	  blue	  assay	  for	  ppGalNAcT	  protein	  quantification.	  A)	  Proteins	  
visualized	  with	  SDS-‐PAGE	  and	  colloidal	  blue	  staining.	  Lanes	  1-‐6	  albumin	  standard	  at	  3	  
concentrations	  in	  duplicate.	  Lanes	  7-‐18	  equal	  volumes	  of	  purified	  ppGalNAcTs	  in	  duplicate.	  
B)	  Standard	  curve	  of	  albumin	  concentrations	  quantified	  by	  densitometry.	  
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2.4.	  Experimental	  

2.4.1.	  General	  

All	  biological	  reagents	  were	  molecular	  biology	  or	  cell	  culture	  grade	  and	  from	  
commercial	  sources,	  unless	  otherwise	  specified.	  Chemically	  competent	  E.	  coli	  strain	  
One	  Shot	  Top10	  and	  S.O.C.	  medium	  were	  purchased	  from	  Invitrogen.	  Bacteria	  
were	  grown	  in	  LB	  broth	  (Lennox	  L	  Broth	  Base,	  Invitrogen)	  supplemented	  with	  100	  
μg/mL	  ampicillin	  (LB/amp)	  or	  50	  μg/mL	  kanamycin	  (LB/kan)	  and	  grown	  on	  
LB/amp	  or	  LB/kan	  agar	  plates.	  The	  Plasmid	  Midi	  and	  Maxi	  kits	  were	  from	  QIAGEN.	  	  
	  
NotI,	  NotI-‐HF™,	  EcoRI,	  EcoRI-‐HF™,	  BsaI,	  DpnI,	  Antarctic	  phosphatase,	  and	  T4	  DNA	  
ligase	  were	  purchased	  from	  New	  England	  Biolabs	  (NEB).	  PfuUltra	  II	  Fusion	  HS	  DNA	  
polymerase	  was	  from	  Agilent.	  1	  Kb	  and	  100	  bp	  DNA	  ladders	  were	  from	  Invitrogen.	  
DNA	  Clean	  and	  Concentrator™-‐5,	  Zyppy™	  Plasmid	  Miniprep	  Kit,	  and	  Zymoclean™	  
Gel	  DNA	  Recovery	  kit	  were	  from	  Zymo	  Research.	  Elim	  Biopharmaceuticals,	  Inc	  
(Hayward,	  CA)	  synthesized	  all	  primers	  and	  performed	  all	  plasmid	  DNA	  sequencing.	  
Integrated	  DNA	  Technologies	  (IDT)	  synthesized	  all	  gBlocks.	  

	  
Dulbecco’s	  Modified	  Eagle	  Medium	  with	  high	  glucose	  (DMEM),	  Dulbecco’s	  
Phosphate-‐Buffered	  Saline	  without	  Calcium	  or	  Magnesium	  (DPBS),	  and	  
Penicillin/Streptomycin	  were	  purchased	  from	  Hyclone.	  Fetal	  bovine	  serum	  (FBS)	  
was	  obtained	  from	  Omega	  Scientific	  and	  0.25%	  trypsin/EDTA	  and	  Opti-‐MEM®	  
Reduced	  Serum	  Medium	  were	  purchased	  from	  Invitrogen.	  TransIT®-‐293	  
Transfection	  Reagent	  was	  obtained	  from	  Mirus	  Bio.	  COmplete	  EDTA-‐free	  Protease	  
inhibitor	  cocktail	  tablets	  were	  purchased	  from	  Roche.	  Anti-‐FLAG	  M2	  Affinity	  Gel	  
was	  from	  Sigma	  (Cat.	  A2220).	  
	  
Criterion™	  XT	  Bis-‐Tris	  Precast	  gels,	  XT-‐MES	  Running	  Buffer,	  nitrocellulose	  
membrane	  (0.45	  micron),	  Precision	  Plus	  Protein™	  Kaleidoscope™	  Prestained	  
Standards	  (10-‐250	  kDa),	  and	  Kaleidoscope™	  Prestained	  Standards	  (7.6-‐216	  kDa)	  
were	  obtained	  from	  BioRad.	  SuperSignal	  West	  Pico	  Chemilluminescent	  Substrate	  
was	  purchased	  from	  Fisher	  Scientific.	  Monoclonal	  α-‐FLAG	  M2	  antibody	  was	  from	  
Sigma	  (Cat.	  F1804)	  and	  Goat	  Anti-‐Mouse	  Kappa-‐HRP	  was	  from	  Southern	  Biotech	  
(Cat.	  1050).	  Recombinant	  human	  albumin	  expressed	  in	  S.	  cerevisiae	  was	  from	  Sigma	  
(Cat.	  A6608).	  
	  
MacPyMOL	  was	  used	  to	  model	  the	  crystal	  structures	  of	  ppGalNAcT2	  (with	  and	  
without	  EA2	  peptide)	  and	  of	  ppGalNAcT10	  (PDB	  accession:	  2FFU,	  2FFV,	  2D7I).	  	  

2.4.2.	  General	  Methods	  

Manufacturer	  recommended	  protocols	  for	  Zymo	  Research	  kits	  were	  subject	  to	  the	  
following	  modifications:	  Prior	  to	  elution,	  spin	  columns	  were	  dried	  by	  centrifugation	  
at	  maximum	  speed	  for	  2	  min.	  DNA	  was	  eluted	  with	  water	  added	  directly	  to	  the	  filter,	  
followed	  by	  1	  min	  incubation	  and	  1	  min	  centrifugation	  at	  maximum	  speed).	  	  
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DNA	  was	  quantitated	  using	  a	  Nanodrop	  2000	  UV-‐vis	  spectrophotometer.	  	  
	  
DNA	  samples	  were	  pre-‐mixed	  for	  sequencing:	  500	  ng	  plasmid	  DNA,	  8	  pM	  primer,	  15	  
μL	  total	  in	  water.	  
	  
Human	  Embryonic	  Kidney	  (HEK)	  293T	  cells	  (ATCC)	  were	  maintained	  in	  a	  5	  %	  CO2,	  
water-‐saturated	  atmosphere	  at	  37	  °C	  in	  DMEM	  supplemented	  with	  10	  %	  FBS,	  
penicillin	  (100	  U/mL),	  and	  streptomycin	  (0.1	  mg/mL).	  Adherent	  cell	  densities	  were	  
maintained	  between	  1	  x	  105	  and	  2	  x	  106	  cells.	  

2.4.3.	  General	  Protocol	  1:	  Standard	  PCR	  conditions	  

PCR	  amplifications	  were	  carried	  out	  in	  duplicate	  for	  all	  cloning	  applications	  as	  
recommended	  by	  the	  manufacturer:	  25	  ng	  template	  DNA,	  0.2	  µM	  forward	  primer,	  
0.2	  µM	  reverse	  primer,	  250	  μM	  of	  each	  dNTP,	  3%	  DMSO,	  1x	  PfuUltra	  II	  buffer,	  and	  1	  
µL	  PfuUltra	  II	  Fusion	  HS	  DNA	  polymerase	  in	  a	  final	  reaction	  volume	  of	  50	  μL	  in	  
water.	  	  

2.4.3.1.	  General	  Protocol	  1a:	  Standard	  PCR	  conditions	  for	  insert	  amplification	  	  

Thermocycle	  conditions	  were	  95	  °C	  for	  2	  min;	  30	  cycles	  of	  95	  °C	  for	  20	  sec,	  
annealing	  temp	  for	  20	  sec,	  72	  °C	  extension	  for	  15sec/	  kb;	  72	  °C	  for	  3	  min;	  4	  °C	  hold.	  
Annealing	  temperatures	  were	  generally	  TM	  –	  5	  °C	  and	  are	  listed	  with	  the	  primers.	  
For	  primers	  with	  5’	  overhangs,	  annealing	  temperatures	  are	  based	  on	  the	  TM	  of	  the	  
portion	  of	  the	  primer	  designed	  to	  anneal	  to	  the	  template.	  Amplicon	  size	  and	  
extension	  times	  are	  listed	  with	  the	  primers.	  

2.4.3.2.	  General	  Protocol	  1b:	  Standard	  PCR	  conditions	  for	  site-‐directed	  mutagenesis	  

PCR	  for	  site-‐directed	  mutagenesis	  was	  carried	  out	  according	  to	  modified	  
QuikChange™	  site-‐directed	  mutagenesis	  protocols	  as	  described	  by	  Zheng	  et	  al.	  
(2004)	  for	  point	  mutations	  and	  Liu	  et	  al.	  (2008)	  for	  insertions	  and	  deletions136,143.	  	  
	  
Thermocycle	  conditions	  were	  95	  °C	  for	  2	  min;	  18	  cycles	  of	  95	  °C	  for	  20	  sec,	  
annealing	  temperature	  for	  20	  sec,	  72	  °C	  extension	  for	  15sec/	  kb;	  72	  °C	  for	  3	  min;	  4	  
°C	  hold.	  For	  primers	  with	  mismatches	  for	  point	  mutations,	  annealing	  temperatures	  
were	  generally	  55	  °C	  and	  are	  listed	  with	  the	  primers.	  For	  primers	  with	  5’	  overhangs	  
for	  insertions/	  deletions,	  annealing	  temperatures	  were	  generally	  TM	  –	  5	  °C	  
corresponding	  to	  the	  portion	  of	  the	  primer	  designed	  to	  anneal	  to	  the	  template.	  
Amplicon	  size	  and	  extension	  times	  are	  listed	  with	  the	  primers.	  

2.4.4.	  General	  Protocol	  2:	  Standard	  protocol	  for	  bacterial	  cloning	  

Bacterial	  transformations	  for	  cloning	  were	  carried	  out	  in	  One	  Shot®	  Top10	  E.	  coli	  
according	  to	  the	  manufacturer’s	  instructions	  as	  described	  below.	  Modifications	  for	  
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specific	  applications	  are	  in	  the	  second	  paragraph.	  Bacteria	  (50	  µL)	  were	  thawed	  on	  
wet	  ice	  for	  10	  min,	  2.5	  –	  125	  ng	  DNA	  was	  added	  based	  on	  the	  application,	  tubes	  
were	  flicked	  gently	  to	  mix,	  and	  E.	  coli	  were	  incubated	  on	  wet	  ice	  for	  25	  min.	  E.	  coli	  
were	  subjected	  to	  heat	  shock	  at	  42	  °C	  for	  30	  sec,	  incubated	  on	  wet	  ice	  2	  min,	  and	  
250	  µL	  rt	  S.O.C.	  medium	  was	  added.	  E.	  coli	  were	  grown	  shaking	  at	  225	  rpm	  at	  37	  °C	  
for	  35	  min	  (AmpR)	  to	  45	  min	  (KanR).	  Based	  on	  the	  application,	  25-‐100	  µL	  E.	  coli	  
were	  spread	  onto	  LB	  agar	  plates	  with	  100	  µg/mL	  ampicillin	  or	  50	  µg/mL	  
kanamycin.	  Plates	  were	  incubated	  at	  37	  °C	  for	  approximately	  16	  h	  and	  then	  stored	  
at	  4	  °C.	  Individual	  colonies	  were	  picked	  and	  used	  to	  inoculate	  5	  mL	  LB	  with	  
antibiotics	  (100	  µg/mL	  ampicillin	  or	  50	  µg/mL	  kanamycin).	  5	  mL	  cultures	  were	  
grown	  shaking	  at	  225	  rpm	  at	  37	  °C	  for	  approximately	  16	  h,	  and	  cells	  were	  pelleted	  
at	  3,650	  x	  g	  at	  4	  °C	  for	  15	  minutes.	  Supernatant	  was	  removed,	  pellets	  were	  flicked	  
and	  then	  suspended	  in	  600	  µL	  water.	  DNA	  was	  extracted	  using	  a	  Zyppy™	  Plasmid	  
Miniprep	  Kit	  according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  
described	  in	  the	  General	  Methods	  (30	  µL	  elution).	  
	  
Quantities	  of	  DNA	  added	  for	  transformations	  and	  the	  volume	  of	  transformed	  E.	  coli	  
plated	  varied	  based	  on	  the	  application.	  When	  plasmid	  DNA	  was	  previously	  purified	  
from	  E.	  coli,	  0.25	  µL	  (25-‐125	  ng	  DNA)	  was	  used	  for	  transformation,	  and	  25-‐35	  µL	  E.	  
coli	  were	  plated.	  When	  plasmid	  DNA	  was	  prepared	  via	  ligation,	  2	  µL	  ligation	  (2.5	  ng	  
DNA)	  was	  used	  for	  transformation,	  and	  100-‐200	  µL	  E.	  coli	  were	  plated.	  When	  
plasmid	  DNA	  was	  prepared	  via	  PCR	  for	  site-‐directed	  mutagenesis,	  2.5	  ng	  DNA	  (0.25-‐
5	  µL)	  was	  used	  for	  transformation,	  and	  100-‐200	  µL	  E.	  coli	  were	  plated.	  

2.4.5.	  General	  Protocol	  3:	  Standard	  protocol	  for	  restriction	  digest	  cloning	  

Insert	  DNA	  was	  amplified	  as	  described	  in	  General	  Protocol	  1a.	  Target	  vectors	  were	  
subjected	  to	  restriction	  digest	  (2.5	  μg	  plasmid	  DNA,	  1x	  NEB	  buffer,	  1x	  BSA	  as	  
necessary,	  1	  μL	  of	  each	  restriction	  enzyme	  in	  a	  50	  μL	  digest,	  2	  h	  at	  37	  °C,).	  Both	  the	  
vector	  and	  insert	  were	  isolated	  with	  a	  0.8%	  agarose	  gel	  and	  purified	  with	  a	  
Zymoclean™	  Gel	  DNA	  Recovery	  kit	  according	  to	  the	  manufacturer’s	  protocol	  with	  
modifications	  as	  described	  in	  the	  General	  Methods	  (12	  μL	  elution).	  The	  insert	  was	  
subjected	  to	  restriction	  digest	  (volume	  of	  purified	  PCR	  product,	  1x	  NEB	  buffer,	  1x	  
BSA	  as	  necessary,	  1	  μL	  of	  each	  restriction	  enzyme	  in	  a	  50	  μL	  digest,	  2	  h	  at	  37	  °C,).	  
The	  vector	  was	  treated	  with	  Antarctic	  phosphatase	  (volume	  of	  digested	  DNA,	  1x	  
Antarctic	  phosphatase	  buffer,	  2	  U	  (.4	  μL)	  Antarctic	  phosphatase,	  and	  a	  20	  μL	  final	  
volume	  in	  water,	  1	  h	  at	  37	  °C).	  Vector	  and	  insert	  were	  purified	  before	  ligation	  with	  
DNA	  Clean	  and	  Concentrator™-‐5	  according	  to	  the	  manufacturer’s	  protocol	  with	  
modifications	  as	  described	  in	  the	  General	  Methods	  (10	  μL	  elution).	  A	  3:1	  molar	  ratio	  
of	  insert	  to	  vector	  (25	  ng	  vector)	  were	  ligated	  (1x	  NEB	  T4	  DNA	  ligase	  buffer,	  0.5	  μL	  
(1000	  U)	  NEB	  T4	  DNA,	  and	  a	  10	  μL	  final	  volume	  in	  water,	  30	  min	  at	  rt).	  Bacteria	  
were	  transformed	  and	  clones	  were	  isolated	  as	  described	  in	  General	  Protocol	  2.	  	  



	   39	  

2.4.6.	  General	  Protocol	  4:	  Vector	  preparation	  for	  Golden	  Gate	  assembly	  

Target	  vectors	  were	  digested	  with	  NotI	  and	  EcoRI	  (2.5	  μg	  plasmid	  DNA,	  1x	  NEB4	  
buffer,	  1x	  BSA,	  1	  μL	  (20U	  or	  100	  U)	  NotI-‐HF™,	  1	  μL	  (20U	  or	  100	  U)	  EcoRI-‐HF™	  in	  a	  
50	  μL	  digest,	  2	  h	  at	  37	  °C).	  The	  vector	  was	  isolated	  with	  a	  0.8%	  agarose	  gel	  and	  
purified	  with	  a	  Zymoclean™	  Gel	  DNA	  Recovery	  kit	  according	  to	  the	  manufacturer’s	  
protocol	  with	  modifications	  as	  described	  in	  the	  General	  Methods	  (12	  μL	  elution).	  
The	  vector	  was	  treated	  with	  Antarctic	  phosphatase	  (volume	  of	  digested	  DNA,	  1x	  
Antarctic	  phosphatase	  buffer,	  0.4	  μL	  (2	  U)	  Antarctic	  phosphatase	  in	  a	  20	  μL	  final	  
volume	  in	  water,	  1	  h	  at	  37	  °C)	  and	  was	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐
5	  according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  described	  in	  the	  
General	  Methods	  (10	  μL	  elution).	  

2.4.7.	  General	  Protocol	  5:	  SDS-‐PAGE	  

Samples	  were	  prepared	  by	  adding	  4x	  SDS	  protein	  loading	  buffer	  (final	  
concentrations	  1x	  sodium	  dodecyl	  sulfate,	  2.5	  %	  2-‐mercaptoethanol)	  and	  denatured	  
by	  boiling	  at	  95	  °C	  for	  5	  min.	  Samples	  were	  centrifuged	  at	  maximum	  speed	  for	  15	  
sec	  and	  loaded	  onto	  a	  12	  %	  or	  4-‐12	  %	  Bis-‐Tris	  precast	  gel.	  Electrophoresis	  was	  
carried	  out	  in	  XT-‐MES	  buffer	  at	  180	  V	  for	  approximately	  45	  minutes.	  Gels	  were	  
rinsed	  briefly	  with	  water	  following	  electrophoresis.	  

2.4.8.	  General	  Protocol	  6:	  Western	  blotting	  

For	  western	  blotting,	  proteins	  were	  transferred	  from	  an	  SDS-‐PAGE	  gel	  to	  a	  
nitrocellulose	  membrane	  in	  Tris/Glycine	  buffer	  (BioRad,	  20%	  MeOH)	  at	  50V	  for	  2	  h.	  
The	  membrane	  was	  incubated	  in	  Ponceau	  total	  protein	  stain	  (0.2%	  Ponceau,	  3%	  
acetic	  acid)	  for	  5	  min,	  rinsed	  with	  water,	  and	  imaged.	  The	  membrane	  was	  blocked	  
with	  5%	  non-‐fat	  powdered	  milk	  in	  TBST	  (25	  mM	  Tris-‐Cl	  pH	  7.4,	  150	  mM	  NaCl,	  0.1%	  
TWEEN-‐20)	  mixing	  at	  rt	  for	  30	  min.	  The	  blocking	  solution	  was	  discarded,	  α-‐FLAG	  
M2	  primary	  antibody	  (diluted	  1:1000	  in	  3%	  milk/TBST)	  was	  added,	  and	  it	  was	  
incubated	  mixing	  overnight	  at	  4	  °C.	  The	  blot	  was	  rinsed	  3	  x	  with	  TBST	  for	  10	  min	  
and	  goat	  α	  -‐mouse	  light	  chain-‐HRP	  secondary	  antibody	  conjugate	  (diluted	  1:5000	  in	  
3%	  milk/TBST)	  was	  added.	  After	  incubating	  mixing	  at	  rt	  for	  1	  h,	  the	  blot	  was	  
washed	  3	  x	  with	  TBST	  for	  10	  min.	  The	  blot	  was	  imaged	  with	  an	  HRP	  detection	  kit	  
and	  film	  was	  exposed	  to	  the	  blot	  for	  1	  sec,	  10	  sec,	  1	  min,	  and	  10	  min.	  	  

2.4.9.	  ppGalNAcT2	  cloning	  

2.4.9.1.	  Site-‐directed	  mutagenesis	  to	  generate	  F361A	  and	  F361S	  

Full-‐length	  human	  ppGalNAcT2	  in	  pCMV	  NTAP	  (KanR)	  was	  generously	  provided	  by	  
the	  L.	  Tabak	  Laboratory	  (NIH,	  Bethesda,	  MD).	  Sequencing	  in	  that	  plasmid	  was	  
carried	  out	  with	  T3F,	  T3R,	  T7F,	  and	  T7R	  (Table	  2-‐1).	  F361A	  and	  F361S	  were	  
generated	  via	  site-‐directed	  mutagenesis.	  PCR	  amplifications	  were	  carried	  out	  as	  in	  
General	  Protocol	  1b	  except	  PCR	  reactions	  contained	  50	  μM	  of	  each	  dNTP	  (200	  μM	  
total),	  and	  primers	  are	  in	  Table	  2-‐2.	  PCR	  reactions	  were	  digested	  with	  1	  µL	  (20	  U)	  
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DpnI	  at	  37	  °C	  for	  1	  h,	  and	  duplicate	  reactions	  were	  combined	  (100	  µL	  total)	  and	  
purified.	  F361S	  reactions	  were	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐25	  (50	  
µL	  elution)	  and	  F361A	  reactions	  were	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐
5	  (10	  µL	  elution)	  according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  
described	  in	  the	  General	  Methods.	  Bacteria	  were	  transformed	  and	  clones	  were	  
isolated	  as	  in	  General	  Protocol	  2.	  Clones	  were	  sequenced	  with	  primers	  in	  Table	  2-‐1	  
as	  in	  the	  General	  Methods.	  
	  
Primer	  ID	   Sequence	   Annealing	  Temp	  (°C)	  
T3F	   5’-‐	  aattaaccctcactaaaggg	   50	  
T3R	   5’-‐	  ccctttagtgagggttaatt	   50	  
T7F	   5’-‐	  gccctatagtgagtcgtattac	   50	  
T7R	   5’-‐	  gtaatacgactcactatagggc	   50	  

Table	  2-‐1.	  Sequencing	  primers	  for	  pCMV	  NTAP.	  

Primer	  ID	   Sequence	   Annealing	  
Temp	  (°C)	  

S361stag_F	   5’-‐	  GACACGTGTcCCGGAAGCAGCAC	   55	  
S361stag_R	   5’-‐	  CTTCCGGgACACGTGTCCCAC	   55	  
A361long_F	   5’-‐	  GGACACGTGgcCCGGAAGCAGCACCCCTACACGTTC	   55	  
A361long_R	   5’-‐	  GCTTCCGGgcCACGTGTCCCACACGGCTGCAC	   55	  

Table	  2-‐2.	  Point	  mutagenesis	  primers	  for	  hT2	  F361A	  and	  F361S.	  Lowercase	  letters	  
indicate	  the	  site	  of	  base	  pair	  mismatch.	  S361stag_F	  and	  S361stag_R	  in	  PCR	  reactions	  were	  
each	  0.8	  μM.	  PCR	  amplicon	  is	  6.2	  kb	  (1	  min	  45	  sec	  extension,	  mistakenly	  6	  min).	  	  

2.4.9.2.	  Secretion	  constructs	  1.0:	  p3xFLAG-‐CMV-‐8	  cloning	  and	  generation	  of	  truncated	  
constructs	  

Full-‐length	  hT2	  WT,	  F361A,	  F361S	  were	  transferred	  from	  pCMV	  NTAP	  to	  p3xFLAG-‐
CMV™-‐8	  (AmpR).	  These	  clones	  were	  generated	  as	  in	  General	  Protocol	  3,	  hT2	  in	  
pCMV	  NTAP	  was	  the	  insert	  template,	  and	  p3xFLAG-‐CMV™-‐8	  (4.8	  kb)	  was	  the	  target	  
vector.	  Primers	  for	  insert	  amplification	  are	  in	  Table	  2-‐3.	  p3xFLAG-‐CMV™-‐8	  was	  
subjected	  to	  restriction	  digest	  with	  NotI	  and	  EcoRI	  (1x	  NEB3	  buffer,	  1x	  BSA,	  1	  μL	  
(20U	  or	  100	  U)	  NotI	  in	  a	  50	  μL	  digest,	  2	  h	  at	  37	  °C,	  addition	  of	  1	  μL	  (20U	  or	  100	  U)	  
EcoRI	  and	  2	  h	  at	  37	  °C).	  Insert	  was	  subjected	  to	  restriction	  digest	  with	  NotI	  and	  
EcoRI	  (1x	  NEB3	  buffer,	  1x	  BSA,	  1	  μL	  (20U	  or	  100	  U)	  NotI,	  1	  μL	  (20U	  or	  100	  U)	  
EcoRI).	  Clones	  were	  sequenced	  with	  primers	  in	  Table	  2-‐4	  as	  in	  the	  General	  Methods.	  
The	  same	  protocol	  was	  used	  to	  clone	  soluble	  truncations	  of	  hT2	  WT,	  F361A,	  and	  
F361S	  from	  pCMV	  NTAP	  into	  p3xFLAG-‐CMV™-‐8.	  Truncations	  were	  based	  on	  
published	  hT2	  truncations137,138.	  
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Primer	  ID	   Sequence	   Annealing	  
Temp	  (°C)	  

CMV9_hT2_F2	   5’-‐	  gacaagcttgcggccgcgATGCGGCGGCGCTCGCG	   68	  
CMV9_hT2_R2	   5’-‐	  cgatgaattcCTACTGCTGCAGGTTGAGC	   68	  
hT2trunc_F	   5’-‐	  gacaagcttgcggccgcgGAGGACTGGAATGAAATTG	  	   54	  

Table	  2-‐3.	  Cloning	  primers	  for	  hT2	  in	  p3xFLAG-‐CMV™-‐8.	  hT2	  sequence	  is	  uppercase	  and	  
plasmid	  sequence	  is	  lowercase.	  CMV9_hT2_F2	  and	  CMV9_hT2_R2	  were	  used	  to	  generate	  the	  
full	  length	  constructs	  and	  hT2trunc_F	  and	  CMV9_hT2_R2	  were	  used	  to	  generate	  the	  trunc	  
constructs.	  PCR	  amplicon	  is	  1.8	  kb	  for	  the	  full-‐length	  gene	  and	  1.6	  kb	  for	  the	  truncated	  gene	  
(45	  sec	  extension).	  Primers	  accidentally	  named	  CMV9	  instead	  of	  CMV8.	  

Primer	  ID	   Sequence	   Annealing	  Temp	  (°C)	  
CMV30short_F	   5’-‐	  aatgtcgtaataaccccgccccg	   53	  
CMV24_R	   5’-‐	  tattaggacaaggctggtgggcac	   53	  
CMV30_F	   5’-‐	  aatgtcgtaataaccccgccccgttgacgc	   60	  
CMV24new_R	   5’-‐	  ctccagtgcccaccagccttgtcctaata	   59	  

Table	  2-‐4.	  Sequencing	  primers	  for	  p3xFLAG-‐CMV™-‐8,	  pFLAG-‐Myc-‐CMV™-‐19,	  and	  
pFLAG-‐CMV™-‐2.	  The	  sequencing	  primers	  CMV30short_F	  and	  CMV30_F	  were	  used	  
interchangeably,	  as	  were	  CMV24_R	  and	  CMV24new_R.	  

2.4.9.3.	  Secretion	  constructs	  2.0:	  pFLAG-‐Myc-‐CMV-‐19	  cloning	  	  

Truncated	  hT2	  WT,	  F361A,	  and	  F361S	  constructs	  were	  transferred	  from	  p3xFLAG-‐
CMV™-‐8	  into	  pFLAG-‐Myc-‐CMV™-‐19	  (AmpR).	  Clones	  were	  generated	  using	  General	  
Protocol	  3,	  although	  instead	  of	  insert	  amplification	  by	  PCR,	  truncated	  hT2	  (1.6	  kb)	  
was	  removed	  from	  p3xFLAG-‐CMV™-‐8	  by	  restriction	  enzyme	  digest	  with	  NotI	  and	  
EcoRI	  (2.5	  μg	  plasmid	  DNA,	  1x	  NEB4	  buffer,	  1x	  BSA,	  0.4	  μL	  (8	  U	  or	  40	  U)	  NotI-‐HF,	  
0.4	  μL	  (8	  U	  or	  40	  U)	  EcoRI-‐HF	  in	  a	  20	  μL	  digest).	  pFLAG-‐Myc-‐CMV™-‐19	  (4.8	  kb)	  was	  
the	  target	  vector,	  and	  it	  was	  restriction	  enzyme	  digested	  under	  the	  same	  conditions	  
as	  the	  insert.	  The	  transformants	  were	  screened	  by	  colony	  PCR	  using	  primers	  in	  
Table	  2-‐4,	  and	  promising	  clones	  were	  sequenced	  with	  the	  same	  primers	  as	  in	  the	  
General	  Methods.	  

2.4.9.4.	  Site-‐directed	  mutagenesis	  to	  generate	  I253A,	  L310A,	  and	  I253A/L310A	  	  

I253A,	  L310A,	  and	  I253A/L310A	  were	  generated	  via	  site-‐directed	  mutagenesis	  from	  
WT	  truncated	  hT2	  in	  pFLAG-‐Myc-‐CMV™-‐19	  (AmpR).	  PCR	  amplifications	  were	  
carried	  out	  as	  in	  General	  Protocol	  1b,	  and	  primers	  are	  in	  Table	  2-‐5.	  PCR	  reactions	  
were	  digested	  with	  1	  µL	  (20	  U)	  DpnI	  at	  37	  °C	  for	  1	  h,	  and	  duplicate	  reactions	  were	  
combined	  (100	  µL	  total)	  and	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐5	  
according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  described	  in	  the	  
General	  Methods	  (10	  µL	  elution).	  Bacteria	  were	  transformed	  and	  clones	  were	  
isolated	  as	  in	  General	  Protocol	  2.	  Clones	  were	  sequenced	  with	  primers	  in	  Table	  2-‐4	  
as	  in	  the	  General	  Methods.	  I253A/L310A	  was	  generated	  from	  the	  I253A	  clone	  with	  
the	  L310A	  primers.	  
	  
	  



	   42	  

Primer	  ID	   Sequence	   Annealing	  Temp	  (°C)	  
I253A_F	   5’-‐	  CACCCATCgcCGATGTCATTAATATGGACAAC	   55	  
I253A_R	   5’-‐	  GACATCGgcGATGGGTGACACAACCCGAGTC	   55	  
L310A_F	   5’-‐	  GCTGGTGGGgccTTTGTGATGGATAAGTTC	   55	  
L310A_R	   5’-‐	  CATCACAAAggcCCCACCAGCAATCATGGGG	   55	  

Table	  2-‐5.	  Mutagenesis	  primers	  for	  hT2	  I253A,	  L310A,	  and	  I253A/L310A.	  Lowercase	  
letters	  indicate	  the	  site	  of	  base	  pair	  mismatch.	  PCR	  amplicon	  is	  6.4	  kb	  (1	  min	  45	  sec	  
extension,	  mistakenly	  6	  min).	  

2.4.10.	  Synthesis	  of	  human	  T1,	  T7,	  and	  T10	  and	  point	  mutagenesis	  

For	  all	  secretion	  constructs,	  N-‐terminal	  truncations	  were	  made	  by	  cleaving	  at	  the	  
middle	  or	  end	  of	  the	  stem	  region	  that	  follows	  the	  transmembrane	  domain,	  as	  
identified	  by	  online	  protein	  secondary	  structure	  predictors	  GlobPlot	  (2.3)	  and	  
HMMTOP	  (2.0),	  and	  published	  truncations	  were	  also	  referenced.	  Point	  mutations	  
homologous	  to	  those	  in	  hT2	  were	  selected	  based	  on	  a	  multiple	  sequence	  alignment	  
(CLUSTALW)	  of	  ppGalNAcT	  isoforms	  1-‐14.	  

2.4.10.1.	  Golden	  Gate	  assembly	  of	  wildtype	  ppGalNAcT1	  

We	  synthesized	  the	  gene	  for	  truncated	  human	  T1	  by	  a	  modified	  Golden	  Gate	  
assembly	  protocol	  using	  gBlocks	  (IDT)	  and	  cloned	  it	  into	  pFLAG-‐Myc-‐CMV™-‐19.	  The	  
published	  nucleotide	  sequence	  in	  the	  NCBI	  database	  for	  hT1	  X85018	  was	  used.	  
Published	  constructs	  were	  referenced	  for	  N-‐terminal	  truncations	  of	  hT1138.	  
	  
The	  original	  design	  for	  gene	  assembly	  uses	  gBlocks	  with	  NotI	  and	  EcoRI	  restriction	  
sites	  at	  the	  5’-‐	  and	  3’-‐	  ends	  of	  the	  gene,	  respectively	  (Table	  2-‐6).	  These	  gBlocks	  (GB1	  
and	  GB4)	  were	  subjected	  to	  restriction	  digest	  prior	  to	  Golden	  Gate	  assembly,	  such	  
that	  after	  the	  gene	  was	  assembled,	  it	  could	  be	  ligated	  to	  the	  digested	  vector	  to	  form	  
the	  desired	  plasmid.	  This	  approach	  was	  unsuccessful.	  Instead,	  following	  Golden	  Gate	  
assembly,	  PCR	  was	  used	  add	  BsaI	  sites	  to	  the	  5’-‐	  and	  3’-‐	  ends	  of	  assembled	  gene.	  The	  
amplified	  gene	  was	  digested	  with	  BsaI	  to	  produce	  NotI	  and	  EcoRI	  overhangs	  and	  
was	  successfully	  ligated	  to	  the	  digested	  vector.	  
	  
gBlock	  ID	   Sequence	  
GB1.ppGalNAc-‐T1	   GACAAGCTTGCGGCCGCGGATGAAAAAAAGGAGAGAGGACTTCCTGC

TGGAGATGTTCTAGAGCCAGTACAAAAGCCTCATGAAGGTCCTGGAG
AAATGGGGAAACCAGTCGTCATTCCTAAAGAGGATCAAGAAAAGATG
AAAGAGATGTTTAAAATCAATCAGTTCAATTTAATGGCAAGTGAGAT
GATTGCACTCAACAGATCTTTACCAGATGTTAGGTTAGAAGGGTGTA
AAACAAAGGTGTATCCAGATAATCTTCCTACAACAAGTGTGGTGATT
GTTTTCCACAATGAGGCTTGGAGCACACTTCTGCGAACTGTCCATAGT
GTCATTAATCGCTCACCAAGACACATGATAGAAGAAATTGTTGAGACC
TGGTGTG	  

GB2.ppGalNAc-‐T1	   GACAGGAGGTCTCATTGTTCTAGTAGATGATGCCAGTGAAAGAGACT
TTTTGAAAAGGCCTTTAGAGAGTTATGTGAAAAAACTAAAAGTACCA
GTTCATGTAATTCGAATGGAACAACGTTCTGGATTGATCAGAGCTAG
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ATTAAAAGGAGCTGCTGTGTCTAAAGGCCAAGTGATCACCTTCCTGGA
TGCCCATTGTGAGTGTACAGTGGGATGGCTGGAGCCTCTCTTGGCCAG
GATCAAACATGACAGGAGAACAGTGGTGTGTCCCATCATCGATGTGAT
CAGTGATGATACTTTTGAGTACATGGCAGGCTCTGATATGACCTATGG
TGGGTTCAACTGGAAGCTCAATTTTCGCTGGTATCCTGTTCCCCAAAG
AGAAATGGACAGAAGGAAAGGTGATCGGACTCTTCCTGTCAGGACAC
CTACCATGGCAGGAGGCCTTTTTTCAATAGACAGAGATTACTTTTGAG
ACCTGGTGTG	  

GB3.ppGalNAc-‐T1	   GACAGGAGGTCTCACTTTCAGGAAATTGGAACATATGATGCTGGAAT
GGATATTTGGGGAGGAGAAAACCTAGAAATTTCCTTTAGGATTTGGC
AGTGTGGAGGAACTTTGGAAATTGTTACATGCTCACATGTTGGACAT
GTGTTTCGGAAAGCTACACCTTACACGTTTCCAGGAGGCACAGGGCAG
ATTATCAATAAAAATAACAGACGACTTGCAGAAGTGTGGATGGATGA
ATTCAAGAATTTCTTCTATATAATTTCTCCAGGTGTTACAAAGGTAGA
TTATGGAGATATATCGTCAAGAGTTGGTCTAAGACACAAACTACAAT
GCAAACCTTTTTCCTGGTACCTAGAGAATATATATCCTGATTCTCAAA
TTCCACGTCACTATTTCTCATTGGGAGAGATACGAAATGTGGAAACGA
ATCAGTGTCTAGATAACATGGCTAGAAAAGAGAATGAAAAAGTTGGA
TGAGACCTGGTGTG	  

GB4.ppGalNAc-‐T1	   GACAGGAGGTCTCATGGAATTTTTAATTGCCATGGTATGGGTGGTAA
TCAGGTTTTCTCTTATACTGCCAACAAAGAAATTAGAACAGATGACCT
TTGCTTGGATGTTTCCAAACTTAATGGCCCAGTTACAATGCTCAAATG
CCACCACCTAAAAGGCAACCAACTCTGGGAGTATGACCCAGTGAAATT
AACCCTGCAGCATGTGAACAGTAATCAGTGCCTGGATAAAGCCACAGA
AGAGGATAGCCAGGTGCCCAGCATTAGAGACTGCAATGGAAGTCGGTC
CCAGCAGTGGCTTCTTCGAAACGTCACCCTTCCAGAAATATTCTGAGA
ATTCATCGATAG	  

Table	  2-‐6.	  gBlocks	  to	  synthesize	  wildtype	  ppGalNAcT1.	  Sequences	  are	  listed	  5’	  –	  3’.	  
Silent	  mutations	  are	  bold.	  

Corresponding	  
gBlock	  

Primer	  
ID	  

Sequence	   Annealing	  
Temp	  (°C)	  

GB1	   GBT1-‐
1.F1	  

cacaccaggtctcaGGCCGCGGATGAAAAAAAGGAGA
GAGGACTT	  

53	  

GB4	   GBT1-‐
4.R1	  

cacaccaggtctctAATTCTCAGAATATTTCTGGAAG
GGTGACGT	  

53	  

Table	  2-‐7.	  Primers	  for	  extension	  of	  gBlocks	  1	  and	  4.	  Amplicon	  <1	  kb	  (15	  sec	  extension).	  
Annealing	  portion	  of	  primers	  uppercase.	  	  

The	  Golden	  Gate	  assembly	  reaction	  was	  carried	  out	  as	  follows:	  2.375	  µL	  (20	  fmol)	  
GB1,	  0.6	  µL	  (20	  fmol)	  GB2,	  0.6	  µL	  (20	  fmol)	  GB3,	  2.145	  µL	  (20	  fmol)	  GB4,	  1x	  NEB	  T4	  
DNA	  ligase	  buffer,	  1	  µL	  (2000	  U)	  NEB	  T4	  DNA	  ligase,	  and	  1	  µL	  (10	  U)	  BsaI	  in	  a	  final	  
reaction	  volume	  of	  15	  μL	  in	  water.	  Thermocycle	  conditions	  used	  to	  enhance	  reaction	  
yield	  were	  as	  follows:	  25	  cycles	  of	  37	  °C	  for	  2	  min,	  16	  °C	  for	  5	  min;	  60	  °C	  for	  10	  min;	  
80	  °C	  for	  20	  min;	  4	  °C	  hold.	  Following	  Golden	  Gate	  assembly,	  the	  gene	  was	  amplified	  
by	  PCR	  according	  to	  General	  Protocol	  1a,	  and	  primers	  are	  in	  Table	  2-‐7.	  The	  PCR	  
product	  was	  digested	  with	  BsaI	  and	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐5	  
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according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  described	  in	  the	  
General	  Methods	  (10	  μL	  elution).	  
	  
Target	  vector	  pFLAG-‐Myc-‐CMV™-‐19	  (AmpR)	  was	  digested	  with	  NotI	  and	  EcoRI	  as	  
described	  in	  General	  Protocol	  4,	  with	  the	  modification	  of	  a	  50	  μL	  phosphatase	  
reaction	  (1	  μL	  (5	  U)	  of	  Antarctic	  phosphatase).	  The	  vector	  and	  insert	  were	  ligated	  
(25	  ng	  digested	  vector,	  25	  ng	  insert,	  1x	  NEB	  T4	  DNA	  ligase	  buffer,	  0.5	  µL	  (1000	  U)	  
NEB	  T4	  DNA	  ligase,	  10	  μL	  final	  volume	  in	  water,	  30	  min	  at	  rt).	  Bacteria	  were	  
transformed	  and	  clones	  were	  isolated	  as	  described	  in	  the	  General	  Protocol	  2.	  Clones	  
were	  sequenced	  with	  primers	  in	  Table	  2-‐4	  and	  Table	  2-‐8	  as	  in	  the	  General	  Methods.	  
	  
Primer	  ID	   Sequence	   Annealing	  

Temp	  (°C)	  
ppGalNAcT-‐1seqR1	   5’-‐	  TCACATAACTCTCTAAAGGCCTTTTCAAA	   53	  
ppGalNAcT-‐1seqF2	   5’-‐	  TAGTAGATGATGCCAGTGAAAGAGACT	   53	  
ppGalNAcT-‐1seqR2	   5’-‐	  ATGGTAGGTGTCCTGACAGGA	   53	  
ppGalNAcT-‐1seqF3	   5’-‐	  AGAAATGGACAGAAGGAAAGGTGATC	   53	  
ppGalNAcT-‐1seqR3	   5’-‐	  CCAATGAGAAATAGTGACGTGGAATTTGA	   53	  
ppGalNAcT-‐1seqF4	   5’-‐	  TTTTCCTGGTACCTAGAGAATATATATCCTGATT	   53	  

Table	  2-‐8.	  Sequencing	  primers	  for	  ppGalNAcT1.	  

2.4.10.2.	  Site-‐directed	  mutagenesis	  of	  hT1	  

Five	  mutants	  were	  obtained	  from	  WT	  truncated	  hT1	  in	  pFLAG-‐Myc-‐CMV™-‐19	  
(AmpR)	  by	  site-‐directed	  mutagenesis	  (F346A,	  F346S,	  I238A,	  L295A,	  and	  
I238A/L310A).	  PCR	  amplifications	  were	  carried	  out	  as	  in	  General	  Protocol	  1b,	  and	  
primers	  are	  in	  Table	  2-‐9.	  PCR	  reactions	  were	  digested	  with	  1	  µL	  (20	  U)	  DpnI	  at	  37	  
°C	  for	  1	  h,	  and	  duplicate	  reactions	  were	  combined	  (100	  µL	  total)	  and	  purified	  with	  
DNA	  Clean	  and	  Concentrator™-‐5	  according	  to	  the	  manufacturer’s	  protocol	  with	  
modifications	  as	  described	  in	  the	  General	  Methods	  (10	  µL	  elution).	  Bacteria	  were	  
transformed	  and	  clones	  were	  isolated	  as	  in	  General	  Protocol	  2.	  Clones	  were	  
sequenced	  with	  primers	  in	  Table	  2-‐4	  and	  Table	  2-‐8	  as	  in	  the	  General	  Methods.	  
	  
Mutation	   Primer	  ID	   Sequence	  
F346A	   ppGalNAcT-‐1.F346A.F1	   5’-‐	  CATGTGgccCGGAAAGCTACACC	  

ppGalNAcT-‐1.F346A.R1	   5’-‐	  TTCCGggcCACATGTCCAACATGTG	  
F346S	   ppGalNAcT-‐1.F346S.F1	   5’-‐	  CATGTGTccCGGAAAGCTACACCTTAC	  

ppGalNAcT-‐1.F346S.R1	   5’-‐	  TTCCGggACACATGTCCAACATGTG	  
I238A	   ppGalNAcT-‐1.I238A.F1	   5’-‐	  CCATCgcCGATGTGATCAGTGATGATAC	  

ppGalNAcT-‐1.I238A.R1	   5’-‐	  ACATCGgcGATGGGACACACC	  
L295A	   ppGalNAcT-‐1.L295A.F1	   5’-‐	  GAGGCgccTTTTCAATAGACAGAGATTACTTTC	  

ppGalNAcT-‐1.L295A.R1	   5’-‐	  GAAAAggcGCCTCCTGCCATGG	  

Table	  2-‐9.	  Primers	  for	  site-‐directed	  mutagenesis	  of	  T1	  mutants.	  Lowercase	  letters	  
indicate	  the	  site	  of	  base	  pair	  mismatch.	  PCR	  amplicon	  is	  6.4	  kb	  (1	  min	  45	  sec	  extension).	  
Annealing	  temperatures	  from	  52	  –	  55	  °C	  were	  used.	  



	   45	  

2.4.10.3.	  Golden	  Gate	  assembly	  of	  ppGalNAcT7	  and	  T10	  

Genes	  for	  human	  T7	  and	  T10	  were	  assembled	  by	  Golden	  Gate	  cloning.	  Published	  
nucleotide	  sequences	  in	  the	  NCBI	  database	  AJ002744	  (hT7)	  and	  AJ_505950	  (hT10)	  
were	  used.	  Published	  constructs	  were	  referenced	  for	  N-‐terminal	  truncations	  of	  
hT7140	  and	  hT10115,141,142.	  The	  double	  mutants	  generated	  for	  hT7	  (I330A/L391A)	  
and	  hT10	  (I266A/L321A)	  are	  homologous	  to	  the	  hT2	  double	  mutant.	  	  
	  
GBlocks	  of	  up	  to	  1000	  base	  pairs	  were	  available	  from	  IDT,	  so	  genes	  were	  divided	  
into	  3	  segments.	  5	  gBlocks	  were	  required	  to	  build	  the	  4	  constructs	  of	  T7	  (Table	  
2-‐10),	  and	  the	  same	  was	  true	  for	  T10	  (Table	  2-‐11).	  For	  each	  family	  member,	  2	  
gBlocks	  (GB1)	  correspond	  to	  truncated	  and	  full-‐length	  versions	  of	  the	  first	  third	  of	  
the	  gene.	  2	  gBlocks	  (GB2)	  correspond	  to	  WT	  or	  double	  mutant	  variants	  of	  the	  
middle	  of	  the	  gene.	  The	  final	  gBlock	  (GB3)	  corresponds	  to	  the	  C-‐terminal	  portion	  of	  
the	  gene	  that	  is	  common	  amongst	  all	  four	  constructs	  of	  that	  family	  member.	  
Truncated	  constructs	  were	  cloned	  into	  the	  pFLAG-‐Myc-‐CMV™-‐19	  expression	  vector	  
while	  the	  full-‐length	  constructs	  were	  cloned	  into	  the	  pFLAG-‐CMV™-‐2	  expression	  
vector.	  	  
	  
BsaI	  cleavage	  sites	  were	  found	  within	  hT7	  and	  hT10,	  so	  silent	  mutations	  were	  
introduced	  to	  prevent	  BsaI	  cleavage	  of	  each	  gene	  during	  Golden	  Gate	  assembly.	  
Codons	  for	  silent	  mutation	  were	  based	  on	  the	  codon	  frequency	  in	  the	  human	  
genome135.	  In	  GB2	  of	  hT7,	  the	  codon	  for	  G403	  was	  mutated	  from	  GGT	  to	  the	  slightly	  
more	  prevalent	  codon	  GGA	  to	  remove	  the	  BsaI	  restriction	  site.	  In	  hT10,	  the	  codon	  
for	  G514	  in	  GB3	  was	  mutated	  from	  GGA	  to	  the	  equally	  prevalent	  codon	  GGG.	  	  
	  
gBlock	  ID	   Sequence	  
T7_GB1_FULL	   GACAGGAGGTCTCAGGCCGCGATGAGGCTGAAGATTGGGTTCATCTTA

CGCAGTTTGCTGGTGGTGGGAAGCTTCCTGGGGCTAGTGGTCCTCTGG
TCTTCCCTGACCCCGCGGCCGGACGACCCAAGCCCGCTGAGCAGGATG
AGGGAAGACAGAGATGTCAATGACCCCATGCCCAACCGAGGCGGCAAT
GGACTAGCTCCTGGGGAGGACAGATTCAAACCTGTGGTACCATGGCCT
CATGTTGAAGGAGTAGAAGTGGACTTAGAGTCTATTAGAAGAATAAA
CAAGGCCAAAAATGAACAAGAGCACCATGCTGGAGGAGATTCCCAGA
AAGATATCATGCAGAGGCAGTATCTCACATTTAAGCCTCAGACATTCA
CCTACCATGATCCTGTGCTTCGCCCAGGGATCCTCGGTAACTTTGAAC
CCAAAGAACCTGAGCCTCCTGGAGTGGTTGGTGGCCCTGGAGAGAAAG
CCAAGCCATTGGTTTTGGGACCAGAATTCAAACAAGCAATTCAAGCCA
GCATTAAAGAGTTTGGATTTAACATGGTGGCAAGTGACATGATCTCA
CTGGACCGCAACGTCAATGACTTACGCCAAGAAGAATGCAAGTATTGG
CATTATGATGAAAACTTGCTCACTTCGAGCGTTGTCATTGTCTTCCAT
ATGAGACCTGGTGTG	  

T7_GB1_TRUNC	   GACAGGAGGTCTCAGGCCGCGCCGCTGAGCAGGATGAGGGAAGACAG
AGATGTCAATGACCCCATGCCCAACCGAGGCGGCAATGGACTAGCTCC
TGGGGAGGACAGATTCAAACCTGTGGTACCATGGCCTCATGTTGAAGG
AGTAGAAGTGGACTTAGAGTCTATTAGAAGAATAAACAAGGCCAAAA
ATGAACAAGAGCACCATGCTGGAGGAGATTCCCAGAAAGATATCATG
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CAGAGGCAGTATCTCACATTTAAGCCTCAGACATTCACCTACCATGAT
CCTGTGCTTCGCCCAGGGATCCTCGGTAACTTTGAACCCAAAGAACCT
GAGCCTCCTGGAGTGGTTGGTGGCCCTGGAGAGAAAGCCAAGCCATTG
GTTTTGGGACCAGAATTCAAACAAGCAATTCAAGCCAGCATTAAAGA
GTTTGGATTTAACATGGTGGCAAGTGACATGATCTCACTGGACCGCAA
CGTCAATGACTTACGCCAAGAAGAATGCAAGTATTGGCATTATGATG
AAAACTTGCTCACTTCGAGCGTTGTCATTGTCTTCCATATGAGACCTG
GTGTG	  

T7_GB2_WT	   GACAGGAGGTCTCACATAATGAAGGATGGTCAACCCTCATGAGAACA
GTCCACAGTGTAATTAAAAGGACTCCAAGGAAATATTTAGCAGAAAT
TGTGTTAATTGACGATTTCAGTAATAAAGAACACTTAAAAGAAAAAC
TGGATGAATATATTAAGCTGTGGAATGGCCTAGTGAAGGTATTTCGA
AATGAAAGAAGGGAAGGTTTAATTCAAGCACGAAGTATTGGTGCTCA
GAAGGCTAAACTTGGACAGGTTTTGATATACCTTGATGCCCACTGTGA
AGTGGCAGTTAACTGGTATGCACCACTTGTAGCTCCCATATCTAAGGA
CAGAACCATTTGCACTGTGCCGCTTataGATGTCATAAATGGCAACACA
TATGAAATTATACCCCAAGGGGGTGGTGATGAAGATGGGTATGCCCG
AGGAGCATGGGATTGGAGTATGCTCTGGAAACGGGTGCCTCTGACCCC
TCAAGAGAAGAGACTGAGAAAAACAAAAACTGAACCGTATCGGTCCC
CAGCCATGGCTGGGGGAttaTGTGCCATTGAACGAGAGTTCTTCTTTGA
ATTGGGACTCTATGATCCAAGTCTCCAGATTTGGGGTGGTGAAAACTT
TGAGATCTCATACAAGATATGGCAGTGTGGTGGCAAATTATTATTTG
TTCCTTGTTCTCGTGTGAGACCTGGTGTG	  

T7_GB2_DOUBLE	   GACAGGAGGTCTCACATAATGAAGGATGGTCAACCCTCATGAGAACA
GTCCACAGTGTAATTAAAAGGACTCCAAGGAAATATTTAGCAGAAAT
TGTGTTAATTGACGATTTCAGTAATAAAGAACACTTAAAAGAAAAAC
TGGATGAATATATTAAGCTGTGGAATGGCCTAGTGAAGGTATTTCGA
AATGAAAGAAGGGAAGGTTTAATTCAAGCACGAAGTATTGGTGCTCA
GAAGGCTAAACTTGGACAGGTTTTGATATACCTTGATGCCCACTGTGA
AGTGGCAGTTAACTGGTATGCACCACTTGTAGCTCCCATATCTAAGGA
CAGAACCATTTGCACTGTGCCGCTTgccGATGTCATAAATGGCAACAC
ATATGAAATTATACCCCAAGGGGGTGGTGATGAAGATGGGTATGCCC
GAGGAGCATGGGATTGGAGTATGCTCTGGAAACGGGTGCCTCTGACCC
CTCAAGAGAAGAGACTGAGAAAAACAAAAACTGAACCGTATCGGTCC
CCAGCCATGGCTGGGGGAgccTGTGCCATTGAACGAGAGTTCTTCTTT
GAATTGGGACTCTATGATCCAAGTCTCCAGATTTGGGGTGGTGAAAA
CTTTGAGATCTCATACAAGATATGGCAGTGTGGTGGCAAATTATTAT
TTGTTCCTTGTTCTCGTGTGAGACCTGGTGTG	  
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T7_GB3	   GACAGGAGGTCTCACGTGTTGGACATATCTACCGTCTTGAGGGCTGGC
AAGGAAATCCTCCGCCCATTTATGTTGGGTCTTCTCCAACTCTGAAGA
ATTATGTTAGAGTTGTGGAGGTTTGGTGGGATGAATATAAAGACTAC
TTCTATGCTAGTCGTCCTGAATCGCAGGCATTACCATATGGGGATATA
TCGGAGCTGAAAAAATTTCGAGAAGATCACAACTGCCAAAGTTTTAA
GTGGTTCATGGAAGAAATAGCTTATGATATCACCTCACACTACCCTTT
GCCACCCAAAAATGTTGACTGGGGAGAAATCAGAGGCTTCGAAACTGC
TTACTGCATTGATAGCATGGGAAAAACAAATGGAGGCTTTGTTGAAC
TAGGACCCTGCCACAGGATGGGAGGGAATCAGCTTTTCAGAATCAATG
AAGCAAATCAACTCATGCAGTATGACCAGTGTTTGACAAAGGGAGCT
GATGGATCAAAAGTTATGATTACACACTGTAATCTAAATGAATTTAA
GGAATGGCAGTACTTCAAGAACCTGCACAGATTTACTCATATTCCTTC
AGGAAAGTGTTTAGATCGCTCAGAGGTCCTGCATCAAGTATTCATCTC
CAATTGTGACTCCAGTAAAACGACTCAAAAATGGGAAATGAATAACA
TCCATAGTGTTTAGGAATTTGAGACCTGGTGTG	  

Table	  2-‐10.	  gBlock	  sequences	  for	  hT7.	  Sequences	  are	  listed	  5’	  –	  3’.	  Silent	  mutations	  are	  
bold.	  

gBlock	  ID	   Sequence	  
T10_GB1_FULL	  	   GACAGGAGGTCTCAGGCCGCGATGAGGCGGAAGGAGAAGCGGCTCCTG

CAGGCGGTGGCGCTGGTGCTGGCGGCCCTGGTCCTCCTGCCCAACGTG
GGGCTTTGGGCGCTGTACCGCGAGCGGCAGCCCGACGGCACCCCTGGG
GGATCGGGGGCGGCGGTGGCGCCGGCGGCGGGACAGGGCTCACACAGT
CGACAAAAGAAAACGTTTTTCTTGGGAGATGGGCAGAAGCTGAAGGA
CTGGCATGACAAGGAGGCCATCCGGAGGGACGCTCAGCGCGTAGGAAA
TGGAGAACAAGGAAGACCTTACCCCATGACCGATGCTGAGAGAGTGG
ATCAGGCATACCGAGAAAATGGATTTAACATCTACGTCAGTGATAAA
ATCTCCTTGAATCGCTCTCTCCCAGATATCCGGCACCCAAACTGCAAC
AGCAAGCGCTACCTGGAGACACTTCCCAACACAAGCATCATCATCCCC
TTCCACAACGAGGGCTGGTCCTCCCTCCTCCGCACCGTCCACAGTGTGC
TCAATCGCTCGCCTCCAGAGCTGGTCGCCGAGATTGTACTGGTCGACG
ACTTCAGTGATCGAGAGCACCTGAAGAAGCCTCTTGAAGACTACATGG
CCCTTTTGAGACCTGGTGTG	  

T10_GB1_TRUNC	   GACAGGAGGTCTCAGGCCGCGCCTGGGGGATCGGGGGCGGCGGTGGCG
CCGGCGGCGGGACAGGGCTCACACAGTCGACAAAAGAAAACGTTTTTC
TTGGGAGATGGGCAGAAGCTGAAGGACTGGCATGACAAGGAGGCCAT
CCGGAGGGACGCTCAGCGCGTAGGAAATGGAGAACAAGGAAGACCTT
ACCCCATGACCGATGCTGAGAGAGTGGATCAGGCATACCGAGAAAAT
GGATTTAACATCTACGTCAGTGATAAAATCTCCTTGAATCGCTCTCTC
CCAGATATCCGGCACCCAAACTGCAACAGCAAGCGCTACCTGGAGACA
CTTCCCAACACAAGCATCATCATCCCCTTCCACAACGAGGGCTGGTCC
TCCCTCCTCCGCACCGTCCACAGTGTGCTCAATCGCTCGCCTCCAGAGC
TGGTCGCCGAGATTGTACTGGTCGACGACTTCAGTGATCGAGAGCACC
TGAAGAAGCCTCTTGAAGACTACATGGCCCTTTTGAGACCTGGTGTG	  

T10_GB2_WT	   GACAGGAGGTCTCACTTTTCCCCAGTGTGAGGATTCTTCGAACCAAGA
AACGGGAAGGGCTGATAAGGACCCGAATGCTGGGGGCCTCAGTGGCA
ACTGGGGATGTCATCACATTCTTGGATTCACACTGTGAAGCCAATGTC
AACTGGCTTCCCCCCTTGCTTGACCGCATTGCTCGGAACCGCAAGACC
ATTGTGTGCCCGATGAATGATGTAATTGACCATGACGACTTTCGGTAC
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GAGACACAGGCAGGGGATGCCATGCGGGGAGCCTTTGACTGGGAGAT
GTACTACAAGCGGATCCCGATCCCTCCAGAACTGCAGAAAGCTGACCC
CAGCGACCCATTTGAGTCTCCCGTGATGGCCGGTGGACTGTTCGCCGT
GGATCGGAAGTGGTTCTGGGAACTCGGCGGGTATGACCCAGGCTTGGA
GATCTGGGGAGGGGAGCAGTATGAAATCTCCTTCAAGGTGTGGATGT
GTGGGGGCCGCATGGAGGACATCCCCTGCTCCAGGGTGGGCCATATCT
ACAGGAAGTATGTGCCCTACAAGGTCCCGGCCGGAGTCAGCCTGGCCC
GGAACCTTAAGCGGGTGGCCGAAGTGTGGATGGATGAGTACGCAGAG
TTGAGACCTGGTGTG	  

T10_GB2_DOUBLE	   GACAGGAGGTCTCACTTTTCCCCAGTGTGAGGATTCTTCGAACCAAGA
AACGGGAAGGGCTGATAAGGACCCGAATGCTGGGGGCCTCAGTGGCA
ACTGGGGATGTCATCACATTCTTGGATTCACACTGTGAAGCCAATGTC
AACTGGCTTCCCCCCTTGCTTGACCGCATTGCTCGGAACCGCAAGACC
ATTGTGTGCCCGATGGCCGATGTAATTGACCATGACGACTTTCGGTAC
GAGACACAGGCAGGGGATGCCATGCGGGGAGCCTTTGACTGGGAGAT
GTACTACAAGCGGATCCCGATCCCTCCAGAACTGCAGAAAGCTGACCC
CAGCGACCCATTTGAGTCTCCCGTGATGGCCGGTGGAGCCTTCGCCGT
GGATCGGAAGTGGTTCTGGGAACTCGGCGGGTATGACCCAGGCTTGGA
GATCTGGGGAGGGGAGCAGTATGAAATCTCCTTCAAGGTGTGGATGT
GTGGGGGCCGCATGGAGGACATCCCCTGCTCCAGGGTGGGCCATATCT
ACAGGAAGTATGTGCCCTACAAGGTCCCGGCCGGAGTCAGCCTGGCCC
GGAACCTTAAGCGGGTGGCCGAAGTGTGGATGGATGAGTACGCAGAG
TTGAGACCTGGTGTG	  

T10_GB3	   GACAGGAGGTCTCAGAGTACATTTACCAGCGCCGGCCTGAATACCGCC
ACCTCTCCGCTGGGGATGTCGCAGTCCAGAAAAAGCTCCGCAGCTCCC
TTAACTGCAAGAGTTTCAAGTGGTTTATGACGAAGATAGCCTGGGAC
CTGCCCAAATTCTACCCACCCGTGGAGCCCCCGGCTGCAGCTTGGGGG
GAGATCCGAAATGTGGGCACAGGGCTGTGTGCAGACACAAAGCACGG
GGCCTTGGGCTCCCCACTAAGGCTAGAGGGCTGCGTCCGAGGCCGTGG
GGAGGCTGCCTGGAACAACATGCAGGTATTCACCTTCACCTGGAGAGA
GGACATCCGGCCTGGGGACCCCCAGCACACCAAGAAGTTCTGCTTTGA
TGCCATTTCCCACACCAGCCCTGTCACGCTGTACGACTGCCACAGCAT
GAAGGGCAACCAGCTGTGGAAATACCGCAAAGACAAGACCCTGTACCA
CCCTGTCAGTGGCAGCTGCATGGACTGCAGTGAAAGTGACCATAGGAT
CTTCATGAACACCTGCAACCCATCCTCTCTCACCCAGCAGTGGCTGTT
TGAACACACCAACTCAACAGTCTTGGAAAAATTCAATAGGAACTGAG
AATTTGAGACCTGGTGTG	  

Table	  2-‐11.	  gBlock	  sequences	  for	  hT10.	  Sequences	  are	  listed	  5’	  –	  3’.	  All	  gBlocks	  except	  
T10_GB1_FULL	  were	  synthesized	  by	  IDT.	  T10_GB1_FULL	  was	  synthesized	  by	  primer	  
extension	  as	  described	  below.	  Silent	  mutations	  are	  bold.	  

Target	  vectors	  pFLAG-‐Myc-‐CMV™-‐19	  (AmpR)	  and	  pFLAG-‐CMV™-‐2	  (AmpR)	  were	  
digested	  with	  NotI	  and	  EcoRI	  as	  described	  in	  General	  Protocol	  4.	  Golden	  gate	  
assembly	  reactions	  were	  carried	  out	  as	  follows:	  1	  μL	  (20	  fmol)	  GB1,	  1	  μL	  (20	  fmol)	  
GB2,	  1	  μL	  (20	  fmol)	  GB3,	  20	  fmol	  vector	  DNA,	  1x	  Promega	  T4	  DNA	  ligase	  buffer,	  0.25	  
μL	  (5	  U)	  Promega	  T4	  DNA	  ligase,	  and	  0.5	  µL	  (5	  U)	  BsaI	  in	  a	  final	  reaction	  volume	  of	  
10	  μL	  in	  water.	  Thermocycle	  conditions	  used	  to	  enhance	  reaction	  yield	  were	  as	  
follows:	  25	  cycles	  of	  37	  °C	  for	  2	  min,	  16	  °C	  for	  5	  min;	  50	  °C	  for	  5	  min;	  80	  °C	  for	  10	  
min;	  4	  °C	  hold.	  	  
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Following	  the	  Golden	  Gate	  assembly,	  the	  reaction	  was	  treated	  with	  T4	  DNA	  ligase	  
(1x	  NEB	  T4	  DNA	  ligase	  buffer,	  0.6	  μL	  (1200	  U)	  NEB	  T4	  DNA	  ligase,	  and	  a	  12	  μL	  final	  
volume	  in	  water,	  25	  min	  at	  rt).	  Bacteria	  were	  transformed	  (2.4	  μL	  ligation	  mixture,	  
200	  μL	  bacteria	  spread	  on	  plates)	  and	  clones	  were	  isolated	  as	  described	  in	  General	  
Protocol	  2.	  Clones	  were	  sequenced	  with	  primers	  in	  Table	  2-‐12	  (T7)	  and	  Table	  2-‐13	  
(T10)	  as	  in	  the	  General	  Methods.	  There	  are	  BsaI	  cleavage	  sites	  within	  the	  vector	  that	  
should	  re-‐anneal	  and	  ligate	  in	  the	  Golden	  Gate	  reaction,	  which	  we	  sequenced	  to	  
confirm	  proper	  reassembly	  of	  the	  vector	  (Table	  2-‐14).	  
	  
Primer	  ID	   Sequence	   Annealing	  Temp	  (°C)	  
T7seq_F1	   5’-‐	  GGCACCAAAATCAACGGGACTTTCCAAAATGTC	   58	  
T7seq_F2	   5’-‐	  CCTGGAGAGAAAGCCAAGCCATTGGTTTT	   58	  
T7seq_F3	   5’-‐	  TGCCCGAGGAGCATGGGATTGGAGTAT	   58	  
T7seq_F4	   5’-‐	  GCCACAGGATGGGAGGGAATCAGCTTTT	   58	  
T7seq_R1	   5’-‐	  GCTGGTGGGCACTGGAGTGGCAACTT	   58	  
T7seq_R2	   5’-‐	  CCTGCGATTCAGGACGACTAGCATAGAA	   58	  
T7seq_R3	   5’-‐	  GTCCAAGTTTAGCCTTCTGAGCACCAATACTT	   58	  
T7seq_R5	   5’-‐	  GTCCACTTCTACTCCTTCAACATGAGGCCAT	   58	  

Table	  2-‐12.	  hT7	  sequencing	  primers.	  

Primer	  ID	   Sequence	   Annealing	  Temp	  (°C)	  
T10seq_F1	   5’-‐	  CACGGGGATTTCCAAGTCTCCACCCCATT	   58	  
T10seq_F2	   5’-‐	  GAGAGAGTGGATCAGGCATACCGAGAAAAT	   58	  
T10seq_F3	   5’-‐	  GATCCCGATCCCTCCAGAACTGCAGAA	   58	  
T10seq_F4	   5’-‐	  GCCTGGAGACCCCCAGCACACCAA	   58	  
T10seq_R1	   5’-‐	  GCTCGCGGTACAGCGCCCAAA	   58	  
T10seq_R2	   5’-‐	  CGGGTCCTTATCAGCCCTTCCCGTTT	   58	  
T10seq_R3	   5’-‐	  CAGTTAAGGGAGCTGCGGAGCTTTTT	   58	  
T10seq_R5	   5’-‐	  CTGGTGGGCACTGGAGTGGCAACTT	   58	  

Table	  2-‐13.	  hT10	  sequencing	  primers	  

Primer	  ID	   Sequence	   Annealing	  Temp	  (°C)	  
cmv_BsaI1_F	   5’-‐	  cacggggatttccaagtctccaccccatt	   58	  
cmv_BsaI1_R	   5’-‐	  gagagagtggatcaggcataccgagaaaat	   58	  
cmv_BsaI2_F	   5’-‐	  gatcccgatccctccagaactgcagaa	   58	  
cmv_BsaI2_R	   5’-‐	  gcctggagacccccagcacaccaa	   58	  

Table	  2-‐14.	  Vector	  BsaI	  site	  sequencing	  primers.	  

The	  amount	  of	  T7_GB3	  was	  insufficient	  for	  Golden	  Gate	  assembly,	  so	  we	  amplified	  
more	  of	  this	  gBlock	  by	  PCR.	  T7_GB3	  was	  amplified	  as	  in	  General	  Protocol	  1a,	  and	  the	  
primers	  are	  listed	  in	  Table	  2-‐15.	  This	  gBlock	  was	  used	  at	  the	  same	  concentration	  
and	  volume	  as	  other	  gBlocks	  for	  Golden	  Gate	  assembly.	  
	  
Primer	  ID	   Sequence	   Annealing	  

Temp	  (°C)	  
T7_GB3_amplify_F	   5’-‐	  GACAGGAGGTCTCACGTGTTGGACATATCTA	   58	  
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T7_GB3_amplify_R	   5’-‐	  CACACCAGGTCTCAAATTCCTAAACACTATGGAT	   58	  

Table	  2-‐15.	  Primers	  used	  to	  amplify	  T7_GB3.	  Amplicon	  <1	  kb	  (15	  sec	  extension).	  

This	  paragraph	  describes	  how	  T10_GB1_FULL	  was	  generated.	  Because	  the	  N-‐
terminal	  region	  of	  full-‐length	  T10	  is	  GC-‐rich,	  IDT	  was	  unable	  to	  synthesize	  
T10_GB1_FULL	  (Table	  2-‐11).	  We	  generated	  the	  full-‐length	  GB1	  by	  multiple	  PCR	  
extensions	  of	  T10_GB1_TRUNC	  (Table	  2-‐11).	  PCRs	  were	  carried	  out	  as	  in	  General	  
Protocol	  1a,	  and	  the	  primers	  are	  listed	  in	  Table	  2-‐16.	  Duplicate	  reactions	  were	  
combined	  (100	  µL	  total)	  and	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐5	  
according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  described	  in	  the	  
General	  Methods	  (10	  µL	  elution).	  The	  purified	  PCR	  product	  was	  used	  as	  the	  
template	  for	  the	  next	  PCR	  extension.	  Once	  T10_GB1_FULL	  was	  synthesized,	  the	  
sequence	  was	  confirmed	  with	  the	  primers	  in	  Table	  2-‐17.	  The	  gBlock	  was	  used	  at	  the	  
same	  concentration	  and	  volume	  as	  the	  other	  gBlocks	  for	  Golden	  Gate	  assembly.	  
	  
Primer	  ID	   Sequence	   Annealing	  

Temp	  (°C)	  
hT10_FULL_
GB1_frag1	  

5’-‐	  GACAGGAGGTCTCAGGCCGCgatgaggcggaaggagaagc	   51	  

hT10_FULL_
GB1_frag2	  

5’-‐	  GATGAGGCGGAAGGAGAAGCggctcctgcaggcggt	   51	  

hT10_FULL_
GB1_frag3	  

5’-‐	  GGCTCCTGCAGGCGGTGGcgctggtgctggcgg	   51	  

hT10_FULL_
GB1_frag4	  

5’-‐	  CGCTGGTGCTGGCGGCCCTGgtcctcctgcccaacgtgg	   51	  

hT10_FULL_
GB1_frag5	  

5’-‐	  GTCCTCCTGCCCAACGTGGGGCTTTgggcgctgtaccgcga	   51	  

hT10_FULL_
GB1_frag6	  

5’-‐	  GGGCGCTGTACCGCGAgcggcagcccgacgg	   51	  

hT10_FULL_
GB1_frag7	  

5’-‐	  GCGGCAGCCCGACGGCACCcctgggggatcggggCG	   51	  

hT10_FULL_
GB1_REV	  

5’-‐	  CACACCAGGTCTCAAAAGGGCCATGTAGTCTTCAA	   51	  

Table	  2-‐16.	  T10	  GB1	  extension	  primers.	  Annealing	  portion	  of	  the	  primer	  is	  lowercase	  
and	  the	  overhang	  is	  uppercase.	  hT10_FULL_GB1_frag7	  was	  the	  forward	  primer	  for	  the	  first	  
extension	  reaction	  and	  hT10_FULL_GB1_REV	  was	  the	  reverse	  primer	  for	  every	  extension.	  
PCR	  amplicon	  is	  <1	  kb	  (15	  sec	  extension).	  Although	  a	  mistake	  occurs	  in	  
hT10_FULL_GB1_frag7	  (underlined	  CG),	  the	  correct	  nucleotides	  (GC)	  are	  in	  the	  template	  
hT10	  gene,	  as	  well	  as	  in	  the	  full-‐length	  hT10	  constructs	  we	  generated.	  

Primer	  ID	   Sequence	   Annealing	  Temp	  (°C)	  
T10_GB1seq_F	   5’-‐	  CTCAGCGCGTAGGAAATGGAGAACAA	   57	  
T10_GB1seq_R	   5’-‐	  CTGGGAGAGAGCGATTCAAGGAGATTTT	   57	  

Table	  2-‐17.	  T10_GB1_FULL	  sequencing	  primers.	  

Site-‐directed	  mutagenesis	  of	  hT10	  WT	  constructs	  in	  pFLAG-‐Myc-‐CMV™-‐19	  (AmpR)	  
and	  pFLAG-‐CMV™-‐2	  (AmpR)	  was	  used	  to	  correct	  a	  single	  nucleotide	  error	  
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originating	  from	  gBlock	  T10_GB2_WT.	  PCR	  amplifications	  were	  carried	  out	  as	  in	  
General	  Protocol	  1b,	  and	  primers	  are	  in	  Table	  2-‐18.	  PCR	  reactions	  were	  digested	  
with	  1	  µL	  (20	  U)	  DpnI	  at	  37	  °C	  for	  1	  h,	  and	  duplicate	  reactions	  were	  combined	  (100	  
µL	  total)	  and	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐5	  according	  to	  the	  
manufacturer’s	  protocol	  with	  modifications	  as	  described	  in	  the	  General	  Methods	  (10	  
µL	  elution).	  Bacteria	  were	  transformed	  and	  clones	  were	  isolated	  as	  in	  General	  
Protocol	  2.	  Clones	  were	  sequenced	  with	  primers	  in	  Table	  2-‐13	  as	  in	  the	  General	  
Methods.	  
	  
Primer	  ID	   Sequence	   Annealing	  Temp	  

(°C)	  
T10_WT_N>I_F	   5’-‐	  CCGATGAtTGATGTAATTGACCATGACGACTTTC	   55	  
T10_WT_N>I_R	   5’-‐	  CATCAaTCATCGGGCACACAATGGTCTTGCGG	   55	  

Table	  2-‐18.	  T10_GB2_W2	  site-‐directed	  mutagenesis	  primers.	  Lowercase	  letters	  indicate	  
the	  site	  of	  base	  pair	  mismatch.	  PCR	  amplicon	  is	  6.7	  kb	  (1	  min	  45	  sec	  extension).	  

2.4.10.4.	  Relocating	  the	  FLAG	  tag	  in	  pFLAG-‐CMV-‐2	  

For	  full-‐length	  hT7	  and	  hT10	  in	  pFLAG-‐CMV™-‐2	  (AmpR),	  we	  removed	  the	  FLAG	  tag	  
from	  the	  N-‐terminus	  by	  PCR	  and	  reinstalled	  it	  at	  the	  C-‐terminus	  by	  PCR.	  PCR	  
amplifications	  to	  remove	  the	  N-‐terminal	  FLAG	  tag	  were	  carried	  out	  as	  described	  in	  
General	  Protocol	  1b.	  The	  primers	  (Table	  2-‐19)	  were	  designed	  to	  amplify	  the	  entire	  
vector	  in	  opposite	  directions,	  as	  with	  site-‐directed	  mutagenesis,	  and	  included	  3’	  
overhangs	  that	  removed	  the	  FLAG	  tag	  ,	  allowing	  the	  vector	  to	  self	  anneal	  with	  nicks	  
like	  those	  introduced	  during	  site-‐directed	  mutagenesis143.	  PCR	  reactions	  were	  
digested	  with	  1	  µL	  (20	  U)	  DpnI	  at	  37	  °C	  for	  1	  h,	  and	  duplicate	  reactions	  were	  
combined	  (100	  µL	  total)	  and	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐5	  
according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  described	  in	  the	  
General	  Methods	  (10	  µL	  elution).	  Bacteria	  were	  transformed	  and	  clones	  were	  
isolated	  as	  in	  General	  Protocol	  2.	  Clones	  were	  sequenced	  with	  primers	  in	  Table	  2-‐4	  
as	  in	  the	  General	  Methods.	  Once	  the	  deletion	  of	  the	  FLAG	  tag	  was	  confirmed,	  the	  C-‐
terminal	  FLAG	  tag	  was	  installed	  after	  the	  hT2	  coding	  sequence	  directly	  prior	  to	  the	  
stop	  codon.	  The	  C-‐terminal	  Flag	  tag	  was	  installed	  as	  described	  above	  for	  the	  
removal	  of	  the	  FLAG	  tag.	  
	  
Primer	  ID	   Sequence	   Annealing	  

Temp	  (°C)	  
hT7_10N_F
LAGdel_F	  

5’-‐	  gaattgatctaccaagcttgcggccgcg^ATGAG	   55	  

hT2N_FLAG
del_R	  

5’-‐	  ggccgcaagcttggtagatcaattctgacggttcactaaacg	   55	  

hT7C_FLAG
Ins_F	  

5’-‐	  
gactacaaagacgatgacgacaagtaggaattcatcgatagatctgatatcggtacc	  

55	  
	  

hT7C_FLAG
Ins_R	  

5’-‐	  
cttgtcgtcatcgtctttgtagtcAACACTATGGATGTTATTCATTTCCCA
TTTTTGAG	  

55	  
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hT10C_FLA
GIns_F	  

5’-‐	  
gactacaaagacgatgacgacaagtgagaattcatcgatagatctgatatcggtacc	  

55	  

hT10C_FLA
GIns_R	  

5’-‐	  
cttgtcgtcatcgtctttgtagtcGTTCCTATTGAATTTTTCCAAGACTGT
TGAGTTGG	  

55	  

Table	  2-‐19.	  Primers	  to	  move	  the	  FLAG	  tag	  in	  pFLAG-‐CMV™-‐2.	  hT7_10N_FLAGdel_F	  and	  
hT2N_FLAGdel_R	  were	  used	  to	  remove	  the	  FLAG	  tag	  from	  hT7	  and	  hT10	  constructs.	  To	  
install	  the	  C-‐terminal	  FLAG	  tag,	  hT7C_FLAGIns_F	  and	  R	  were	  used	  for	  hT7	  and	  
hT10C_FLAGIns_F	  and	  R	  were	  used	  for	  hT10.	  Plasmid	  sequences	  are	  lowercase,	  FLAG	  tag	  is	  
underlined,	  and	  hT7	  and	  hT10	  sequences	  are	  uppercase.	  The	  site	  of	  the	  FLAG	  deletion	  is	  
marked	  with	  ^.	  PCR	  amplicon	  for	  hT10	  is	  6.5	  kb	  and	  for	  hT7	  is	  6.7	  kb	  (1	  min	  45	  sec	  
extension).	  

2.4.11.	  Mammalian	  cell	  culture	  and	  protein	  expression	  

Human	  Embryonic	  Kidney	  (HEK)	  were	  cultured	  as	  described	  in	  the	  General	  
Methods.	  Cells	  were	  plated	  at	  density	  of	  approximately	  1-‐3	  x	  105	  cells/mL	  in	  a	  10-‐
cm	  plate	  24	  h	  prior	  to	  transfection.	  To	  obtain	  sufficient	  amounts	  of	  plasmid	  DNA	  for	  
mammalian	  cell	  transfection,	  a	  Midiprep	  kit	  (Qiagen)	  was	  used	  according	  to	  the	  
manufacturer’s	  protocol	  (DNA	  pellets	  were	  solubilized	  in	  water).	  Cells	  were	  
transiently	  transfected	  with	  human	  ppGalNAcT	  constructs	  described	  above	  using	  
TransIT®-‐293	  reagent	  (10-‐cm	  plate:	  15	  μg	  DNA,	  45	  μL	  transfection	  reagent,	  1.5	  mL	  
serum	  free	  media)	  according	  to	  the	  manufacturer’s	  protocol.	  The	  transfection	  
mixture	  was	  added	  dropwise	  to	  the	  cells	  and	  plates	  were	  mixed	  gently.	  The	  media	  
was	  changed	  24	  h	  post-‐transfection.	  	  
	  
At	  48	  h,	  the	  conditioned	  media	  (10	  mL)	  was	  collected	  and	  the	  cells	  were	  harvested	  
by	  scraping	  in	  3	  mL	  cold	  PBS.	  The	  conditioned	  media	  and	  cells	  were	  pelleted	  by	  
centrifugation	  for	  15	  min	  at	  3650	  x	  g	  at	  4	  °C.	  The	  clarified	  conditioned	  media	  was	  
removed	  from	  the	  pelleted	  cell	  debris,	  transferred	  to	  a	  clean	  tube,	  and	  EDTA-‐free	  
protease	  inhibitors	  were	  added.	  The	  supernatant	  from	  the	  harvested	  cells	  was	  
discarded.	  	  

2.4.12.	  Anti-‐FLAG	  purification	  

The	  secreted	  protein	  in	  the	  clarified	  conditioned	  media	  (10	  mL)	  was	  purified	  at	  rt	  
using	  columns	  packed	  with	  1.25	  mL	  α-‐FLAG	  M2	  agarose	  resin	  from	  Sigma	  according	  
to	  manufacturer’s	  protocol.	  Prior	  to	  purification,	  10	  µL	  of	  clarified	  conditioned	  
medium	  was	  removed	  for	  SDS-‐PAGE/WB	  analysis	  and	  stored	  at	  -‐20°C.	  Conditioned	  
medium	  was	  applied	  to	  column	  under	  gravity	  flow,	  and	  the	  eluent	  was	  applied	  2	  x	  (3	  
passes	  total)	  to	  ensure	  maximal	  binding.	  10	  µL	  of	  the	  final	  flow-‐through	  was	  removed	  
for	  SDS-‐PAGE/WB	  analysis	  and	  stored	  at	  -‐20°C.	  the	  column	  was	  washed	  TBS	  (25	  
mM	  Tris	  pH	  7.4,	  150	  mM	  NaCl,	  2	  x	  10	  mL)	  to	  remove	  any	  unbound	  protein.	  Protein	  
was	  in	  5	  mL	  (fractions	  E1-‐4)	  using	  100	  μg/mL	  3x	  FLAG	  peptide	  in	  TBS	  buffer(with	  
EDTA-‐free	  protease	  inhibitors).	  A	  fifth	  elution	  fraction	  (E5,	  1.25	  mL)	  was	  used	  to	  
asses	  elution	  efficiency.	  5	  µL	  of	  E1-‐4	  and	  1.25	  µL	  of	  E5	  was	  removed	  for	  SDS-‐
PAGE/WB	  analysis	  and	  stored	  at	  -‐20°C.	  50	  µL	  of	  E1-‐4	  was	  removed	  for	  colloidal	  blue	  
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analysis	  and	  stored	  at	  -‐20°C.	  Glycerol	  was	  added	  to	  elution	  fractions	  1-‐4	  to	  a	  final	  
concentration	  of	  25%	  glycerol	  (80%	  glycerol	  stock)	  and	  proteins	  were	  stored	  at	  –80	  
°C.	  
	  
For	  column	  reuse,	  the	  column	  was	  washed	  with	  three	  bed	  volumes	  of	  0.1	  M	  glycine	  
HCl,	  pH	  3.5,	  and	  then	  immediately	  washed	  with	  10	  mL	  of	  TBS	  to	  neutral	  pH.	  The	  
column	  was	  treated	  with	  5	  mL	  of	  50%	  glycerol	  (TBS	  buffer,	  0.02	  %	  sodium	  azide),	  
and	  after	  2-‐3	  mL	  had	  passed	  through	  the	  column,	  it	  was	  stored	  at	  2-‐8	  °C.	  The	  column	  
was	  washed	  with	  5-‐10	  mL	  TBS	  directly	  prior	  to	  column	  reuse.	  After	  column	  reuse,	  
protein	  yields	  decreased	  slightly	  and	  some	  anti-‐FLAG	  antibody	  was	  shed	  from	  the	  
resin.	  Therefore,	  column	  reuse	  was	  limited	  to	  optimization	  experiments	  when	  
possible.	  

2.4.13.	  SDS-‐PAGE	  and	  western	  blotting	  of	  ppGalNAcTs	  

The	  expression	  and	  purification	  of	  ppGalNAcT2	  and	  the	  mutants	  were	  monitored	  by	  
SDS-‐PAGE	  and	  western	  blot	  analysis.	  Whole	  cell	  lysates	  were	  prepared	  by	  
resuspending	  the	  cell	  pellet	  in	  2	  mL	  water,	  removing	  a	  75	  μL	  aliquot,	  adding	  25	  μL	  
protein	  loading	  buffer	  (100	  µL	  total),	  and	  boiling	  at	  90	  °C	  for	  10	  min.	  15	  μL	  of	  this	  
whole	  cell	  lysate	  sample	  was	  loaded	  onto	  the	  gel.	  
	  
Aliquots	  removed	  during	  anti-‐FLAG	  purification	  correspond	  to	  0.1%	  of	  the	  total	  
sample	  volume	  at	  respective	  step.	  TBS	  was	  added	  to	  sample	  purification	  aliquots	  to	  
a	  final	  volume	  of	  10	  μL.	  SDS	  protein	  loading	  buffer	  (3.75	  μL)	  and	  water	  (1.25	  μL)	  
were	  added.	  SDS-‐PAGE	  was	  carried	  out	  as	  in	  General	  Protocol	  5	  followed	  by	  western	  
blotting	  as	  in	  General	  Protocol	  6.	  

2.4.14.	  Colloidal	  blue	  analysis	  

50	  µL	  of	  E1-‐4	  from	  the	  anti-‐FLAG	  purification	  of	  each	  ppGalNAcT	  construct	  was	  
quantitated	  by	  SDS-‐PAGE	  followed	  by	  colloidal	  blue	  staining.	  SDS	  protein	  loading	  
buffer	  (16.67	  µL)	  was	  added	  to	  E1-‐4.	  Recombinant	  human	  albumin	  expressed	  in	  S.	  
cerevisiae	  was	  used	  as	  a	  protein	  standard.	  Albumin	  stocks	  (250	  ng/µL	  and	  62.5	  
ng/µL	  in	  TBS)	  were	  diluted	  in	  TBS	  and	  SDS	  protein	  loading	  buffer	  to	  generate	  
solutions	  at	  16.67,	  8.33,	  and	  4.17	  ng/	  µL.	  30	  µL	  of	  all	  samples	  and	  standards	  (500,	  
250,	  125	  ng	  albumin)	  were	  loaded	  in	  duplicate	  onto	  an	  18-‐well	  12	  %	  Bis-‐Tris	  gel,	  
and	  SDS-‐PAGE	  was	  carried	  out	  as	  in	  General	  Protocol	  5.	  Colloidal	  blue	  staining	  
(Colloidal	  Blue	  Staining	  Kit,	  Invitrogen)	  was	  carried	  out	  according	  to	  the	  
manufacturer’s	  instructions.
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Chapter	  3. Chemoenzymatic	  synthesis	  of	  UDP-‐GalNAc	  analogs	  	  
	  
The	  previous	  chapter	  discusses	  ppGalNAcT	  active	  site	  engineering,	  and	  this	  chapter	  
will	  address	  the	  development	  of	  UDP-‐GalNAc	  analogs.	  There	  is	  substantial	  evidence	  
that	  GalNAc	  modified	  with	  a	  chemical	  handle	  allows	  labeling	  of	  the	  glycosylation	  
products	  of	  the	  ppGalNAcTs,	  which	  is	  the	  ultimate	  goal	  of	  this	  research.	  As	  described	  
in	  Chapter	  2,	  we	  chose	  to	  generate	  the	  bumped	  UDP-‐GalNAc	  analog	  via	  modification	  
of	  the	  GalNAc	  moiety,	  rather	  than	  modification	  of	  the	  uridine	  base.	  This	  allows	  the	  
bump	  and	  chemical	  handle	  to	  be	  a	  single	  modification	  that	  is	  installed	  in	  one	  
synthetic	  step	  rather	  than	  two	  distinct	  syntheses.	  Due	  to	  the	  extensive	  precedent	  
with	  C8-‐modified	  sugars	  being	  processed	  by	  cells,	  as	  well	  as	  the	  synthetic	  ease	  of	  
modifying	  the	  N-‐acyl	  position,	  we	  chose	  to	  engineer	  the	  C8	  position	  of	  GalNAc.	  
	  
The	  chemical	  handle	  appended	  to	  UDP-‐GalNAc	  analogs	  is	  designed	  to	  undergo	  a	  
selective	  ligation	  reaction	  in	  a	  biological	  context.	  This	  enables	  specific	  labeling	  of	  
biomolecules	  modified	  with	  the	  analog	  and	  downstream	  identification	  and	  analysis	  
of	  those	  biomolecules.	  Selective	  labeling	  of	  the	  chemical	  handle	  in	  a	  biological	  
setting	  is	  made	  possible	  by	  bioorthogonal	  chemistry.	  

3.1.	  Bioorthogonal	  chemistry	  

The	  field	  of	  bioorthogonal	  chemistry	  has	  grown	  substantially	  since	  its	  inception	  in	  
the	  late	  1990s.	  Bioorthogonality	  is	  a	  characteristic	  that	  describes	  chemical	  reactions	  
that	  can	  proceed	  selectively	  within	  a	  biological	  context.	  Importantly,	  bioorthogonal	  
reactions	  are	  orthogonal	  to	  biological	  functional	  groups,	  small	  molecules,	  and	  
metabolites,	  meaning	  that	  these	  reactions	  occur	  with	  minimal	  interference	  from	  or	  
influence	  on	  native	  biology90.	  Bioorthogonal	  ligation	  reactions	  involve	  two	  reactive	  
partners	  that	  are	  largely	  absent	  from	  nature	  that	  can	  react	  rapidly	  at	  physiological	  
temperature	  and	  pH	  in	  water	  to	  form	  a	  stable	  product90.	  	  
	  
When	  bioorthogonal	  reactions	  are	  used	  to	  monitor	  physiological	  processes,	  one	  
reaction	  partner,	  known	  as	  the	  chemical	  handle,	  must	  be	  small	  and	  easily	  
incorporated	  into	  the	  biomolecule	  of	  interest.	  This	  bioorthogonal	  handle	  should	  be	  
small	  enough	  that	  it	  does	  not	  perturb	  the	  normal	  biological	  function	  of	  the	  tagged	  
biomolecule.	  The	  status	  of	  the	  biomolecule	  is	  monitored	  as	  it	  is	  metabolized	  or	  
trafficked	  within	  a	  living	  system,	  using	  a	  probe	  equipped	  with	  the	  reactive	  partner	  
complementary	  to	  the	  bioorthogonal	  handle.	  Most	  commonly,	  the	  probe	  is	  a	  
fluorophore	  for	  visualization	  or	  an	  affinity	  handle	  for	  enrichment	  of	  the	  biomolecule	  
of	  interest.	  	  
	  
The	  azide	  is	  currently	  the	  most	  widely	  used	  and	  versatile	  bioorthogonal	  handle.	  The	  
first	  bioorthogonal	  reaction	  for	  the	  azide	  was	  developed	  by	  Bertozzi	  and	  colleagues,	  
and	  is	  based	  on	  a	  modification	  of	  the	  Staudinger	  reduction125.	  An	  azide	  can	  react	  
with	  a	  triarylphosphine	  to	  form	  an	  amide	  bond	  in	  the	  Staudinger	  ligation90,125.	  
However,	  the	  Staudinger	  ligation	  is	  not	  ideal	  for	  many	  applications.	  The	  reaction	  
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proceeds	  slowly	  and	  the	  triarylphosphine	  is	  easily	  oxidized,	  which	  can	  lead	  to	  lower	  
signal	  than	  is	  required	  for	  many	  applications90.	  
	  
The	  next	  major	  advance,	  independently	  reported	  by	  Sharpless145	  and	  Meldal146,	  was	  
that	  the	  [3+2]	  cycloaddition	  between	  a	  linear	  alkyne	  and	  an	  azide	  can	  be	  accelerated	  
with	  Cu(I).	  This	  rapid	  and	  selective	  reaction	  is	  now	  termed	  copper	  click.	  Despite	  the	  
advantages	  of	  copper	  click,	  the	  utility	  of	  this	  reaction	  is	  limited	  because	  Cu(I)	  is	  toxic	  
to	  cells	  and	  animals147,148.	  The	  development	  of	  copper	  coordinating	  ligands	  has	  
reduced	  the	  toxicity	  of	  Cu(I),	  accelerated	  the	  reaction,	  and	  improved	  the	  sensitivity	  
in	  complex	  samples148-‐150.Optimization	  of	  the	  reaction	  has	  made	  it	  possible	  to	  carry	  
out	  copper	  click	  labeling	  on	  the	  surfaces	  of	  live	  cells	  and	  zebrafish,	  but	  toxicity	  still	  
precludes	  its	  use	  within	  living	  animals150,151.	  Copper	  click	  has	  been	  particularly	  well-‐
suited	  as	  a	  tool	  for	  lysate	  labeling	  experiments	  with	  downstream	  proteomic	  
applications130,152.	  
	  
The	  next	  bioorthogonal	  reaction	  for	  the	  azide,	  copper-‐free	  click	  chemistry,	  was	  
developed	  by	  Bertozzi	  and	  coworkers.	  The	  reaction	  partner	  for	  copper-‐free	  click	  
chemistry	  is	  a	  cyclooctyne,	  which	  was	  chosen	  because	  its	  strain	  energy	  makes	  it	  
significantly	  more	  reactive	  than	  a	  linear	  alkyne.	  Copper-‐free	  click	  reactions	  are	  
nontoxic	  and	  are	  faster	  than	  the	  Staudinger	  ligation	  by	  up	  to	  two	  orders	  of	  
magnitude,	  enabling	  robust	  labeling	  in	  a	  variety	  of	  contexts	  including	  cells	  and	  living	  
animals.	  
	  
The	  4th	  bioorthogonal	  ligation	  that	  is	  widely	  used	  is	  the	  inverse-‐electron-‐demand	  
Diels-‐Alder	  reaction	  between	  tetrazines	  and	  strained	  alkenes	  such	  as	  trans-‐
cyclooctene153	  and	  cyclopropene154.	  Although	  developed	  more	  recently	  than	  other	  
bioorthogonal	  reactions,	  the	  tetrazine	  ligation	  is	  very	  fast,	  and	  this	  ligation	  has	  been	  
rapidly	  adopted	  for	  biological	  labeling	  experiments155,156.	  The	  tetrazine	  ligation	  has	  
been	  used	  successfully	  in	  many	  contexts	  including	  cell157,158	  and	  animal	  studies,	  
such	  as	  labeling	  of	  mouse	  tumor	  models159.	  However,	  many	  of	  the	  fastest	  tetrazines	  
are	  unstable	  in	  aqueous	  media,	  and	  other	  suffer	  from	  poor	  solubility	  in	  water,	  which	  
limits	  the	  available	  tetrazine	  reactive	  partners	  160.	  	  
	  
As	  described	  in	  the	  next	  section,	  the	  azide	  was	  selected	  as	  the	  chemical	  handle	  
modifying	  all	  UDP-‐GalNAc	  analogs	  in	  this	  dissertation.	  Therefore,	  the	  bioorthogonal	  
reactions	  utilized	  in	  this	  dissertation	  include	  the	  Staudinger	  ligation	  and	  copper	  and	  
copper-‐free	  click	  chemistry.	  

3.2.	  Design	  of	  UDP-‐GalNAc	  analogs	  

3.2.1.	  Choice	  of	  chemical	  handle	  

Choosing	  the	  proper	  chemical	  handle	  is	  an	  important	  aspect	  of	  UDP-‐GalNAc	  analog	  
design.	  The	  earliest	  chemical	  handle	  used	  to	  label	  a	  glycan	  was	  a	  ketone,	  which	  was	  
incorporated	  into	  an	  N-‐acetylmannosamine	  (ManNAc)	  analog161.	  Ketones	  and	  
aldehydes	  can	  participate	  in	  selective	  reactions	  with	  hydrazides	  and	  aminooxy	  
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reagents	  to	  label	  extracellular	  biomolecules.	  Unfortunately,	  the	  hydrazone	  and	  
oxime	  linkages	  that	  form	  are	  somewhat	  labile	  in	  aqueous	  conditions,	  which	  has	  led	  
to	  the	  development	  of	  new	  carbonyl	  reactive	  partners	  that	  form	  hydrolytically-‐
stable	  adducts162.	  However,	  many	  intracellular	  biomolecules,	  including	  pyruvate	  
and	  glucose,	  contain	  aldehydes	  or	  ketones.	  As	  a	  result,	  aldehydes	  and	  ketones	  are	  
not	  fully	  bioorthogonal	  handles,	  nor	  are	  their	  reaction	  partners.	  	  
	  
Due	  to	  their	  small	  size	  and	  absence	  from	  biological	  systems,	  the	  alkyne	  and	  azide	  
are	  excellent	  bioorthogonal	  handles.	  Placement	  of	  an	  alkyne	  on	  the	  biomolecule	  and	  
an	  azide	  on	  the	  probe	  is	  preferred,	  as	  live	  cell	  feeding	  followed	  by	  Cu-‐click	  lysate	  
labeling	  suggests	  that	  this	  configuration	  results	  in	  better	  signal	  to	  noise	  ratios	  than	  
the	  reverse130,148,152,163.	  However,	  a	  biomolecule	  modified	  with	  an	  alkyne	  is	  limited	  
by	  having	  only	  one	  type	  of	  chemistry	  available:	  copper-‐click.	  Due	  to	  the	  liabilities	  of	  
copper-‐	  click	  described	  earlier,	  alkyne	  handles	  are	  not	  ideal	  for	  GalNAc	  analogs	  that	  
are	  to	  be	  utilized	  in	  cells	  and	  animals.	  More	  bioorthogonal	  reactions	  are	  available	  to	  
azide	  handles,	  thereby	  expanding	  the	  scope	  of	  possible	  biological	  experiments	  that	  
can	  be	  done	  on	  different	  timescales	  and	  in	  different	  contexts.	  

3.2.2.	  Design	  of	  bump	  

When	  designing	  possible	  bumps	  for	  the	  C8	  position,	  we	  considered	  three	  types	  of	  
modifications	  that	  might	  result	  in	  orthogonality:	  long	  chains,	  bulky	  moieties	  such	  as	  
aromatics,	  and	  branched	  alkyl	  structures.	  	  
	  
Long	  chains	  explore	  a	  relatively	  limited	  chemical	  space	  and	  generally	  lack	  
significant	  stereochemical	  features.	  To	  develop	  an	  orthogonal	  modification,	  
significant	  steric	  clashes	  with	  the	  native	  enzyme	  active	  site	  need	  to	  be	  introduced,	  
which	  are	  more	  likely	  with	  bulky	  aromatics	  and	  branched	  alkyl	  structures.	  The	  
more	  complex	  stereochemistry	  of	  these	  structures	  allows	  for	  the	  exploration	  of	  
more	  chemical	  space.	  Compared	  to	  a	  flexible,	  extended	  chain,	  the	  structural	  rigidity	  
of	  these	  other	  modifications	  might	  allow	  for	  tighter	  “lock	  and	  key”	  binding	  and	  
better	  activity.	  	  
	  
There	  is	  precedent	  for	  GalNAc	  and	  GlcNAc	  analogs	  with	  extended	  linkers	  that	  have	  
promiscuous	  and/or	  orthogonal	  behavior.	  Bateman	  et	  al.	  found	  that	  N-‐
propargyloxycarbamate	  monosaccharides	  GlcPoc	  and	  GalPoc,	  shown	  in	  Figure	  3-‐1,	  
are	  accepted	  by	  the	  GlcNAc	  and	  GalNAc	  salvage	  pathways164.	  Both	  analogs	  label	  O-‐
GlcNAcylated	  proteins,	  which	  suggests	  that	  UDP-‐GalPoc	  can	  be	  epimerized	  to	  UDP-‐
GlcPoc164.	  These	  data	  indicate	  that	  UDP-‐GlcPoc	  is	  utilized	  by	  OGT	  and	  these	  
modifications	  are	  not	  orthogonal	  the	  enzymes	  in	  salvage	  pathways	  for	  these	  
enzymes.	  In	  another	  example,	  GalNAz	  is	  accepted	  by	  the	  GalNAc	  salvage	  pathways,	  
is	  interconverted	  by	  the	  C4-‐epimerase	  GALE,	  and	  is	  accepted	  by	  glycan	  biosynthetic	  
pathways(Figure	  3-‐1)17,46.	  However,	  GlcNAz	  experiences	  a	  bottleneck	  in	  the	  GlcNAc	  
salvage	  pathway	  that	  results	  in	  minimal	  formation	  of	  UDP-‐GlcNAz131.	  Similarly,	  a	  
GalNAc	  analog	  with	  a	  carbon	  isostere	  of	  the	  N-‐acetyl	  group,	  a	  C2-‐keto-‐GalNAc	  
analog,	  is	  metabolized	  in	  cells	  and	  presented	  on	  cell	  surfaces(Figure	  3-‐1)165.	  This	  
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analog,	  C2-‐keto-‐GalNAc,	  likely	  occupies	  the	  core	  position	  of	  O-‐GalNAc	  glycans165.	  In	  
contrast,	  labeling	  with	  the	  C2-‐keto-‐GlcNAc	  analogs	  does	  not	  result	  in	  signal	  above	  
background,	  indicating	  that	  C2-‐keto-‐GlcNAc	  is	  orthogonal	  to	  glycan	  biosynthetic	  
pathways.	  
	  
Many	  analogs	  with	  extended	  moieties	  at	  the	  C8	  position	  are	  good	  substrates	  for	  
some	  glycan	  biosynthetic	  enzymes.	  However,	  many	  appear	  to	  be	  poor	  substrates	  for	  
the	  C4-‐epimerase	  the	  converts	  UDP-‐GlcNAc	  and	  UDP-‐GalNAc,	  suggesting	  partial	  
orthogonality	  introduced	  by	  these	  C8	  modifications.	  Kohler	  and	  coworkers	  designed	  
a	  GlcNAc	  analog	  with	  a	  diazirine	  connected	  via	  an	  extended	  alkyl	  linker	  at	  the	  C8	  
position(Figure	  3-‐1)114.	  As	  intended,	  GlcNDAz	  is	  not	  orthogonal	  to	  O-‐GlcNAc	  
transferase	  (OGT).	  However,	  it	  is	  orthogonal	  to	  enzymes	  in	  the	  GlcNAc	  salvage	  
pathway,	  and	  GlcNDAz	  is	  not	  epimerized	  to	  form	  GalNDAz	  in	  cells.	  Zaro	  et	  al.	  
reported	  GalNAlk,	  an	  alkyne	  modified	  analog	  that	  appears	  to	  label	  N-‐linked	  glycans	  
and	  potentially	  mucin-‐type	  glycans	  in	  cells130.	  However,	  this	  analog	  does	  not	  appear	  
to	  be	  converted	  to	  the	  GlcNAlk	  analog,	  suggesting	  that	  this	  analog	  is	  orthogonal	  to	  
the	  C4	  epimerase	  GALE(Figure	  3-‐1)130.	  	  
	  

	  
Figure	  3-‐1.	  GlcNAc	  and	  GalNAc	  analogs	  with	  bioorthogonal	  handles.	  (Top	  row)	  
Chemical	  handles	  that	  have	  been	  shown	  to	  allow	  interconversion	  of	  GlcNAc	  and	  GalNAc	  
analogs.	  (Bottom	  row)	  Chemical	  handles	  that	  have	  not	  shown	  ready	  conversion.	  

Other	  enzyme	  classes	  have	  also	  been	  studied	  with	  substrate	  analogs	  modified	  with	  
long	  chains.	  Luo	  and	  coworkers	  developed	  several	  SAM	  analogs	  with	  extended,	  
partially	  unsaturated	  chains	  capped	  with	  alkynes	  or	  azides108.	  Many	  of	  these	  analogs	  
are	  non-‐orthogonal	  and	  are	  utilized	  by	  the	  native	  methyltransferases,	  and	  only	  a	  few	  
structures	  have	  been	  appropriate	  for	  bump-‐hole	  engineering108,109.	  Other	  analogs	  
with	  saturated	  chains	  demonstrated	  no	  activity	  with	  wildtype	  or	  mutant	  enzymes,	  
presumably	  due	  to	  the	  flexibility	  of	  the	  chemical	  handle,	  which	  results	  in	  low	  
binding	  affinity166.	  Due	  to	  the	  instances	  of	  non-‐orthogonality	  achieved	  with	  these	  
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modifications,	  we	  did	  not	  consider	  long	  chains	  to	  be	  as	  desirable	  as	  other	  
modifications	  when	  engineering	  a	  bump	  hole.	  	  
	  
Bulkier	  substituents	  such	  as	  aromatics	  are	  successful	  with	  ATP	  analogs	  designed	  for	  
kinase	  bump-‐hole	  engineering.	  Shokat	  and	  colleagues	  found	  that	  benzyl-‐	  and	  
phenylethyl-‐modified	  adenosine	  fits	  well	  into	  pockets	  generated	  via	  mutation	  of	  
isoleucine	  and	  other	  bulky	  residues	  to	  alanine	  or	  glycine167.	  Additionally,	  because	  
we	  mutated	  the	  Phe/Tyr	  gatekeeper	  residues	  in	  some	  of	  our	  ppGalNAcT	  mutants,	  
we	  were	  interested	  in	  evaluating	  UDP-‐GalNAc	  analogs	  with	  aromatic	  bumps.	  As	  
described	  in	  Chapter	  4,	  the	  Phe	  mutants	  did	  not	  demonstrate	  enzymatic	  activity	  
thus	  far,	  which	  may	  be	  due	  to	  the	  loss	  of	  acceptor	  substrate	  binding.	  As	  described	  in	  
Chapter	  2,	  Phe	  has	  been	  shown	  to	  coordinate	  with	  the	  acceptor	  peptide	  in	  the	  
crystal	  structure	  of	  T2.	  	  
	  
Concurrently,	  our	  initial	  experiments	  with	  the	  branched	  methyl	  analog	  UDP-‐
GalNAzMe(S)	  demonstrated	  promising	  activity	  with	  the	  Ile/Leu	  double	  mutant.	  As	  
described	  in	  Chapter	  4,	  the	  double	  mutant	  was	  promising	  because	  UDP-‐GalNAz	  
partially	  rescued	  loss	  of	  activity	  compared	  to	  UDP-‐GalNAc.	  Once	  our	  efforts	  focused	  
on	  the	  double	  mutant,	  we	  followed	  up	  with	  other	  alkyl	  substituents,	  rather	  than	  
evaluating	  aromatic	  bumps.	  

3.3.	  Chemical	  synthesis	  of	  UDP-‐GalNAz	  

Work	  by	  Bertozzi	  and	  colleagues	  has	  shown	  that	  the	  azide	  is	  an	  ideal	  chemical	  
handle	  and	  that	  sugars	  functionalized	  with	  an	  azide	  on	  the	  N-‐acyl	  side	  chain	  can	  be	  
processed	  by	  the	  cell85,125,126.	  Studies	  in	  vitro	  using	  the	  UDP-‐GalNAc	  analog	  uridine	  
5’-‐diphospho-‐2-‐azidoacetoamido-‐2-‐deoxy-‐α-‐D-‐galactopyranose	  (UDP-‐GalNAz)	  have	  
shown	  that	  it	  can	  act	  as	  a	  donor	  substrate	  for	  the	  ppGalNAcTs	  at	  about	  one	  third	  the	  
efficiency	  of	  UDP-‐GalNAc6,80.	  This	  indicates	  that	  an	  azide	  installed	  alpha	  to	  the	  
carbonyl	  is	  a	  “bump”	  that	  is	  too	  small	  to	  make	  UDP-‐GalNAz	  fully	  orthogonal	  to	  the	  
cell’s	  glycan	  processing	  machinery.	  Therefore,	  UDP-‐GalNAz	  was	  synthesized	  as	  
control	  substrate	  2.1,	  and	  analogs	  3.13a-‐g	  with	  substituents	  on	  the	  N-‐acyl	  side	  
chain	  are	  designed	  for	  loss	  of	  reactivity	  with	  native	  ppGalNAcTs.	  	  
	  
UDP-‐GalNAz	  was	  synthesized	  as	  described	  previously	  (Figure	  3-‐2)80,168,169.	  Briefly,	  
EDC	  coupling	  of	  azidoacetic	  acid	  with	  galactosamine	  (3.1)	  affords	  sugar	  analog	  3.26.	  
Peracetylation	  of	  3.2	  followed	  by	  selective	  deprotection	  of	  the	  anomeric	  position	  
yields	  3.46,169.	  Protected	  phosphate	  3.5	  is	  synthesized	  via	  the	  phosphite	  in	  a	  
phosphoramidite	  coupling	  followed	  by	  oxidation6,170.	  The	  phosphodiester	  coupling	  
reaction	  and	  generation	  of	  the	  free	  nucleotide	  sugar	  is	  carried	  out	  in	  3	  steps.	  
Treatment	  of	  3.5	  with	  sodium	  p-‐toluenesulfinate	  and	  Pd(PPh3)4	  affords	  the	  free	  
phosphate,	  which	  upon	  reaction	  with	  uridine	  monophosphate-‐N-‐methylimidazolide	  
(3.6)	  yields	  the	  protected	  nucleotide	  sugar171.	  UDP-‐GalNAc	  analog	  2.1	  is	  recovered	  
upon	  deprotection	  of	  the	  pyranose	  and	  ribose	  hydroxyl	  groups6.	  	  
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Figure	  3-‐2.	  Chemical	  synthesis	  of	  UDP-‐GalNAz.	  	  

3.3.1.	  Challenges	  with	  chemical	  synthesis	  of	  nucleotide	  sugars	  

Although	  this	  synthetic	  route	  is	  well-‐known,	  the	  challenges	  associated	  with	  
chemically	  synthesizing	  nucleotide	  sugars	  are	  also	  well-‐understood172.	  The	  
generation	  of	  the	  phosphodiester	  bond	  is	  synthetically	  challenging	  and	  low-‐yielding,	  
making	  these	  reactions	  difficult	  to	  perform	  on	  greater	  than	  low	  milligram	  scale.	  
Since	  we	  began	  this	  work,	  synthetically	  straightforward	  routes	  that	  can	  be	  
performed	  in	  water	  have	  been	  reported173,174.	  In	  2013,	  good	  yields	  on	  the	  100	  mg	  
scale	  were	  reported	  by	  Dabrowski-‐Tumanski	  et	  al.,	  indicating	  that	  these	  new	  routes	  
may	  be	  valuable	  in	  the	  future174.	  However,	  we	  focused	  our	  efforts	  on	  enzymatic	  
synthesis	  as	  an	  alternative	  to	  chemical	  synthesis.	  
	  
The	  route	  we	  selected	  allowed	  us	  to	  synthesize	  a	  single	  nucleotide	  sugar,	  UDP-‐
galactosamine,	  and	  functionalize	  it,	  rather	  than	  generating	  the	  phosphodiester	  bond	  
for	  every	  analog.	  This	  design	  is	  synthetically	  streamlined	  relative	  to	  other	  methods.	  
By	  generating	  UDP-‐galactosamine	  (UDP-‐GalN)	  enzymatically,	  we	  avoided	  the	  
challenge	  of	  protecting	  the	  amine	  and	  deprotecting	  it	  under	  sufficiently	  mild	  
conditions.	  	  
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3.4.	  Enzymatic	  synthesis	  of	  the	  diversifiable	  intermediate	  UDP-‐
galactosamine	  

There	  has	  been	  significant	  interest	  in	  the	  use	  of	  glycosyltransferases	  to	  synthesize	  
carbohydrate	  structures,	  both	  natural	  and	  non-‐natural,	  due	  to	  their	  
stereospecificity,	  high	  yields,	  lack	  of	  side	  products,	  and	  in	  the	  case	  of	  some	  enzymes,	  
ability	  to	  tolerate	  alternative	  substrate	  structures.	  Particularly	  relevant	  to	  
nucleotide	  sugars,	  enzymes	  offer	  the	  ability	  to	  produce	  synthetically	  challenging	  
structures	  in	  high	  yields	  in	  one	  pot.	  Although	  recent	  work	  to	  generate	  nucleotide	  
sugar	  analogs	  has	  focused	  on	  using	  enzymes	  in	  the	  GalNAc	  salvage	  pathway	  to	  
transform	  non-‐natural	  sugars	  to	  their	  UDP-‐sugars,	  these	  reactions	  appear	  to	  have	  a	  
limited	  substrate	  scope175.	  In	  particular,	  galactokinase	  has	  been	  shown	  to	  have	  
limited	  promiscuity,	  although	  this	  varies	  by	  species.	  Due	  to	  our	  interest	  in	  a	  
structurally	  diverse	  panel,	  we	  sought	  to	  minimize	  the	  limitations	  imposed	  by	  
enzyme	  specificity.	  We	  selected	  a	  chemoenzymatic	  route	  where	  the	  enzymatic	  
synthesis	  preceded	  the	  chemical	  modification.	  
	  
To	  generate	  a	  panel	  of	  analogs	  efficiently,	  we	  focused	  our	  efforts	  on	  the	  generation	  
of	  a	  late-‐stage	  diversifiable	  intermediate.	  Work	  by	  Whitesides	  and	  colleagues	  
demonstrated	  that	  the	  biosynthetic	  pathway	  to	  generate	  UDP-‐Galactose	  can	  be	  
hijacked	  to	  produce	  UDP-‐GalN176.	  UDP-‐GalN	  is	  the	  ideal	  intermediate	  for	  a	  UDP-‐
GalNAc	  analog	  because	  the	  amine	  at	  the	  C-‐2	  position	  can	  undergo	  an	  amide	  coupling	  
under	  mild	  conditions	  to	  generate	  a	  “bumped”	  N-‐acyl	  side	  chain.	  Hence,	  UDP-‐GalN	  
can	  be	  transformed	  into	  a	  UDP-‐GalNAc	  analog	  in	  a	  single	  step	  176.	  The	  Leloir	  
enzymes	  are	  not	  as	  active	  with	  galactosamine	  as	  with	  their	  native	  substrate	  Gal.	  
Coupling	  the	  transformations	  by	  Galactokinase	  (GalK)	  and	  Galactose-‐1-‐phosphate	  
uridyltransferase	  (GalPUT)	  with	  the	  enzymatic	  regeneration	  of	  other	  starting	  
materials	  drives	  the	  reaction	  forward	  (Figure	  3-‐3)176,177.	  
	  

	  
Figure	  3-‐3.	  Enzymatic	  synthesis	  of	  UDP-‐GalN.	  A	  coupled	  enzyme	  system	  drives	  the	  
conversion	  of	  GalN	  to	  UDP-‐GalN	  through	  the	  intermediate	  GalN-‐1P.	  The	  species	  of	  origin	  for	  
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the	  biosynthetic	  enzymes	  are	  GalK	  (E.	  coli),	  PYK2	  (S.	  cerevisiae),	  GalPUT	  (E.	  coli),	  UDP-‐GP	  
(Trypanosoma	  brucei),	  PPiase	  (Pasteurella	  multocida).	  Starting	  materials	  include	  GalN,	  ATP,	  
PEP,	  UDP-‐Glc,	  and	  UTP.	  Substoichiometric	  concentrations	  of	  ATP	  and	  UDP-‐Glc	  are	  used	  to	  
catalyze	  the	  reaction.	  

3.4.1.	  Biosynthetic	  enzymes	  	  

We	  selected	  GalK	  and	  GalPUT	  from	  E.	  coli	  due	  to	  their	  ability	  to	  utilize	  galactosamine	  
and	  galactosamine-‐1-‐phosphate,	  respectively,	  as	  substrates177.	  In	  nature,	  GalK	  uses	  
ATP	  as	  a	  phosphate	  donor	  to	  phosphorylate	  galactose,	  generating	  galactose-‐1-‐
phosphate	  (Gal-‐1P).	  GalPUT	  then	  uses	  UDP-‐glucose	  (UDP-‐Glc)	  as	  a	  uridine	  
monophosphate	  (UMP)	  donor	  to	  convert	  Gal-‐1P	  to	  UDP-‐galactose.	  Based	  on	  work	  by	  
Whitesides	  and	  colleagues	  and	  optimization	  by	  Errey	  et	  al.	  to	  generate	  UDP-‐
galactosamine	  enzymatically,	  additional	  enzymes	  were	  used	  to	  deplete	  the	  side	  
products	  of	  the	  reaction	  and	  regenerate	  starting	  materials.	  As	  shown	  in	  Figure	  3-‐3,	  
the	  first	  reaction	  was	  driven	  forward	  with	  pyruvate	  kinase	  (PYK2),	  which	  
regenerated	  ATP	  from	  adenosine	  diphosphate	  (ADP)	  and	  phosphoenolpyruvate	  
(PEP).	  UDP-‐glucose	  pyrophosphorylase	  (UDP-‐GP)	  was	  used	  to	  drive	  the	  second	  
reaction	  forward	  by	  regenerating	  UDP-‐Glc	  from	  glucose-‐1-‐phosphate	  and	  uridine	  
triphosphate.	  Inorganic	  pyrophosphatase	  was	  used	  to	  break-‐down	  pyrophosphate	  
to	  inorganic	  phosphate,	  further	  depleting	  the	  accumulation	  of	  reaction	  side	  products	  
and	  driving	  the	  reaction	  towards	  completion.	  
	  
Wang	  and	  coworkers	  demonstrated	  that	  by	  immobilizing	  multiple	  enzymes	  onto	  
beads,	  the	  enzymes	  can	  be	  used	  in	  excess	  while	  streamlining	  the	  purification	  of	  the	  
nucleotide	  sugar178.	  To	  facilitate	  this	  strategy,	  we	  generated	  His-‐tagged	  versions	  of	  
the	  enzyme	  constructs	  as	  necessary;	  produced	  the	  protein	  in	  E.	  coli	  expression	  
strain	  BL21	  (DE3);	  and	  immobilized,	  washed,	  and	  reacted	  the	  enzymes	  on	  Ni-‐NTA	  
beads.	  The	  one	  pot,	  on-‐bead,	  coupled	  enzyme	  reaction	  ultimately	  enabled	  the	  
synthesis	  of	  UDP-‐GalN	  on	  almost	  gram	  scale	  in	  excellent	  yields.	  

3.4.2.	  Optimization	  of	  enzymatic	  synthesis	  

We	  have	  developed	  a	  protocol	  to	  synthesize	  UDP-‐GalN	  enzymatically	  in	  tens	  to	  
hundreds	  of	  milligram	  quantities	  in	  approximately	  50	  –	  70	  %	  yields.	  In	  the	  
optimization	  process,	  the	  ratios	  of	  starting	  material	  and	  biosynthetic	  enzymes	  were	  
investigated.	  The	  synthesis	  by	  Heidlas	  et	  al.	  emphasized	  the	  coupled	  enzyme	  system	  
to	  drive	  the	  reaction	  forward,	  while	  using	  smaller	  quantities	  of	  the	  major	  
biosynthetic	  enzymes	  GalK	  and	  GalPUT176.	  This	  made	  it	  possible	  to	  use	  catalytic	  
amounts	  of	  ATP	  and	  UDP-‐Glc,	  while	  regenerating	  them	  from	  the	  less	  expensive	  
reagents	  PEP	  and	  UTP.	  The	  yield	  of	  this	  enzymatic	  synthesis	  is	  heavily	  reliant	  on	  the	  
efficient	  function	  of	  the	  supporting	  enzymes	  to	  remove	  side	  products	  and	  to	  
regenerate	  starting	  materials.	  In	  contrast,	  Errey	  et	  al.	  used	  the	  enzymes	  that	  
catalyze	  the	  main	  synthetic	  pathway	  in	  excess,	  compared	  to	  relatively	  small	  
amounts	  of	  the	  coupled	  support	  system177.	  This	  was	  particularly	  relevant	  when	  
using	  galactose	  analogs	  with	  which	  GalK	  and	  GalPUT	  had	  lower	  activity.	  However,	  
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this	  design	  potentially	  experiences	  more	  acute	  buildup	  of	  side	  products,	  which	  can	  
inhibit	  reaction	  progress.	  	  
	  
The	  effective	  use	  of	  such	  a	  range	  of	  different	  reaction	  conditions	  indicates	  that	  an	  
intermediate	  set	  of	  conditions	  is	  also	  feasible.	  For	  a	  large	  scale	  synthesis,	  we	  focused	  
on	  conditions	  that	  are	  not	  heavily	  reliant	  on	  one	  aspect	  of	  the	  coupled	  reaction.	  Such	  
conditions	  should	  reduce	  the	  variation	  between	  reactions	  and	  enable	  the	  maximal	  
use	  of	  the	  biosynthetic	  enzymes	  purified	  from	  bacteria.	  Because	  GalK	  accepts	  Gal	  
analogs	  less	  efficiently	  than	  GalPUT,	  the	  phosphorylation	  of	  GalN	  by	  GalK	  is	  likely	  
rate	  limiting	  in	  the	  synthesis	  of	  UDP-‐GalN177.	  To	  overcome	  this	  bottleneck	  and	  
ensure	  the	  initiation	  of	  the	  synthetic	  pathway,	  GalK	  was	  used	  in	  excess.	  	  
	  
The	  relative	  amounts	  of	  the	  biosynthetic	  enzymes,	  as	  well	  as	  the	  ease	  of	  monitoring	  
reaction	  progress,	  impacted	  our	  optimization	  of	  ratios	  of	  starting	  materials.	  We	  
initially	  utilized	  a	  large	  excess	  of	  UDP-‐Glc	  to	  drive	  the	  uridine	  transfer	  forward.	  
However,	  UDP-‐Glc	  and	  UDP-‐GalN	  share	  roughly	  the	  same	  Rf	  value	  in	  our	  TLC	  solvent	  
system,	  and	  the	  presence	  of	  excess	  UDP-‐Glc	  obscures	  the	  UDP-‐GalN	  spot.	  We	  found	  
that	  catalytic	  amounts	  of	  UDP-‐Glc	  made	  it	  possible	  to	  monitor	  the	  reaction	  progress	  
by	  TLC.	  After	  optimizing	  ratios	  of	  enzymes	  and	  starting	  materials,	  we	  optimized	  
reaction	  variables	  including	  concentration,	  amount	  of	  enzyme,	  and	  temperature.	  
Temperature	  significantly	  impacts	  reaction	  progress	  and	  overall	  yield,	  and	  we	  
hypothesize	  that	  a	  balance	  between	  enzyme	  catalysis	  and	  enzyme	  stability	  was	  
achieved	  at	  30	  °C.	  
	  
UDP-‐GalN	  was	  initially	  purified	  by	  HPLC	  with	  a	  tributylammonium	  bicarbonate	  
buffer,	  and	  the	  separation	  of	  the	  various	  reaction	  components	  was	  excellent.	  The	  
purified	  product	  was	  further	  purified	  by	  an	  ammonium	  salt	  exchange	  followed	  by	  a	  
sodium	  salt	  exchange.	  The	  consecutive	  salt	  exchanges	  were	  necessary	  because	  the	  
tributylammonium	  and	  ammonium	  salts	  appear	  to	  inhibit	  the	  modification	  of	  UDP-‐
GalN	  at	  the	  diversification	  step.	  We	  hypothesize	  that	  this	  is	  due	  to	  altered	  reaction	  
pH	  in	  the	  presence	  of	  these	  salts.	  Additionally,	  ammonium	  bicarbonate	  can	  react	  
with	  the	  NHS-‐ester	  and	  quench	  the	  amide	  bond	  forming	  reactions179.	  Unfortunately,	  
we	  found	  that	  the	  salt	  exchanges	  did	  not	  remove	  all	  of	  the	  undesirable	  salts,	  and	  
further	  purification	  was	  required.	  Additionally,	  HPLC	  was	  limited	  by	  low	  throughput	  
for	  large	  scale	  purifications.	  We	  found	  that	  size	  exclusion	  chromatography	  in	  water	  
was	  an	  alternative	  purification	  where	  large	  quantities	  of	  UDP-‐GalN	  could	  be	  purified	  
without	  additional	  processing.	  

3.5.	  Synthesis	  of	  UDP-‐GalNAc	  analogs	  

UDP-‐GalN	  was	  treated	  with	  a	  panel	  of	  azide-‐modified	  bumps	  to	  generate	  a	  panel	  of	  
UDP-‐GalNAc	  analogs.	  To	  ensure	  the	  stability	  of	  UDP-‐GalN	  to	  the	  coupling	  conditions,	  
amide	  bond	  formation	  was	  achieved	  via	  mild	  N-‐hydroxysuccinimide	  (NHS)-‐ester	  
coupling	  in	  a	  miscible	  aqueous/	  organic	  solvent	  mixture.	  The	  azido-‐bumps	  were	  
based	  on	  an	  amino	  acid	  scaffold,	  enabling	  a	  huge	  variety	  of	  possible	  bumps	  in	  two	  
stereochemical	  configurations	  corresponding	  to	  the	  D-‐	  and	  L-‐amino	  acids.	  The	  
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dimensions	  of	  the	  UDP-‐GalNAc	  binding	  pocket	  in	  the	  enzyme	  active	  site	  cannot	  be	  
measured	  precisely	  due	  to	  limited	  crystallographic	  data,	  so	  these	  analogs	  were	  
chosen	  to	  span	  a	  range	  of	  sizes.	  

3.5.1.	  Diazotransfer	  to	  modify	  amino	  acids	  

As	  published	  in	  the	  synthesis	  of	  GalNAz	  (3.2)	  and	  UDP-‐GalNAz	  (2.1),	  installation	  of	  
an	  azide	  onto	  a	  sugar	  analog	  has	  previously	  been	  accomplished	  by	  treating	  a	  
halogenated	  acid	  such	  as	  iodoacetic	  acid	  with	  sodium	  azide,	  resulting	  in	  the	  SN2	  
displacement	  of	  the	  primary	  halogen	  by	  the	  nucleophilic	  azide	  ion2,26,27.	  This	  creates	  
an	  azide-‐modified	  acid	  that	  can	  from	  an	  amide	  bond	  with	  a	  hexosamine	  sugar	  under	  
peptide-‐coupling	  conditions.	  This	  reaction	  is	  not	  ideal	  for	  our	  purposes,	  as	  the	  SN2	  
reaction	  with	  azide	  anion	  is	  often	  quite	  slow,	  occurring	  over	  days,	  and	  undesired	  
stereochemistry	  and	  elimination	  products	  can	  form	  with	  certain	  structures180.	  	  
	  
The	  installation	  of	  stereocenters	  is	  challenging,	  and	  simple,	  commercially	  available	  
starting	  materials	  already	  containing	  stereocenters	  are	  limited.	  In	  selection	  of	  these	  
starting	  materials,	  we	  were	  additionally	  constrained	  by	  the	  need	  for	  functionalities	  
that	  could	  easily	  be	  converted	  to	  a	  carboxylic	  acid	  and	  an	  azide.	  Natural	  amino	  acids	  
are	  stereochemically	  defined	  and	  contain	  stereocenters	  in	  both	  R	  and	  S	  
configurations	  corresponding	  to	  the	  D-‐	  and	  L-‐amino	  acids.	  Additionally,	  a	  wide	  
variety	  of	  non-‐natural	  amino	  acids	  are	  commercially	  available.	  Finally,	  amino	  acids	  
contain	  carboxylic	  acid	  and	  amine	  functionality,	  and	  the	  amine	  can	  be	  converted	  to	  
an	  azide	  in	  a	  single	  step.	  
	  
An	  alternative	  to	  the	  installation	  of	  azides	  with	  azide	  anion	  is	  the	  synthesis	  of	  azides	  
by	  diazotransfer	  to	  a	  primary	  amine.	  This	  reaction	  proceeds	  in	  good	  yields	  over	  
shorter	  reaction	  times	  and	  preserves	  the	  existing	  stereochemistry180.	  Diazotransfer	  
reactions	  have	  traditionally	  used	  trifluoromethanesulfonyl	  azide	  (TfN3),	  which	  must	  
be	  prepared	  in	  solution	  prior	  to	  its	  use,	  as	  the	  pure	  reagent	  is	  explosive.	  This	  led	  to	  
the	  development	  diazotransfer	  reagents	  that	  are	  easier	  to	  prepare	  and	  handle	  than	  
TfN3,	  but	  react	  with	  a	  range	  of	  substrates	  comparably	  to	  TfN3	  180,181.	  We	  chose	  to	  use	  
the	  tetrafluoroborate	  salt	  of	  imidazole-‐1-‐sulfonyl	  azide	  3.10,	  which	  is	  the	  most	  
shelf-‐stable	  salt181.	  The	  diazotransfer	  reagent	  3.10	  was	  synthesized	  according	  to	  
literature	  precedent180,181.	  With	  3.10	  in	  hand,	  we	  modified	  a	  panel	  of	  branched	  and	  
unbranched	  natural	  and	  non-‐natural	  alkyl	  amino	  acids	  (3.9),	  and	  the	  diazotransfer	  
was	  carried	  out	  according	  to	  the	  methods	  described	  in	  Goddard	  Borger	  et	  al180.	  	  

3.5.2.	  Coupling	  reaction	  and	  current	  panel	  

To	  generate	  an	  amide	  bond	  between	  the	  azido	  acids	  3.11	  and	  UDP-‐GalN	  (3.8),	  we	  
needed	  a	  reaction	  that	  could	  take	  place	  in	  an	  aqueous	  or	  mixed	  aqueous	  solvent	  
with	  minimal	  side	  products	  or	  off-‐target	  reactivity.	  These	  criteria	  were	  important	  
because	  UDP-‐GalN	  is	  charged	  and	  is	  poorly	  soluble	  in	  organic	  solvents.	  Additionally,	  
we	  wanted	  to	  minimize	  loss	  of	  the	  precious	  nucleotide	  sugar	  to	  off-‐target	  reactivity	  
or	  complicated	  purification	  to	  remove	  side	  products.	  	  
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An	  amide	  bond	  can	  be	  generated	  with	  a	  shelf-‐stable	  active	  ester	  or	  with	  carboxylic	  
acids	  otherwise	  activated	  for	  nucleophilic	  attack.	  Although	  isolable	  active	  esters	  
may	  be	  less	  reactive	  than	  carboxylic	  acids	  activated	  in	  situ	  or	  by	  other	  methods,	  they	  
allow	  a	  very	  simple	  reaction	  mixture	  during	  the	  amide	  bond	  formation,	  can	  be	  
tailored	  for	  aqueous	  solubility,	  and	  require	  minimal	  reaction	  clean	  up182.	  Based	  on	  
these	  criteria,	  we	  selected	  NHS-‐esters	  as	  well-‐characterized	  active	  esters	  that	  are	  
stable	  enough	  to	  be	  purified	  but	  generally	  reactive	  enough	  to	  have	  good	  yields	  
coupling	  in	  water	  at	  rates	  competitive	  with	  hydrolysis182.	  
	  

	  
Figure	  3-‐4.	  Synthesis	  of	  azido	  bumps	  and	  coupling	  to	  form	  UDP-‐GalNAc	  analogs.	  

With	  the	  azido	  acids	  3.11	  in	  hand,	  we	  generated	  the	  corresponding	  NHS-‐esters	  
3.12a-‐g	  using	  dicyclohexylcarbodiimide	  (DCC).	  Compounds	  3.12a-‐g	  were	  purified	  
by	  flash	  chromatography	  on	  C2-‐silica	  to	  minimize	  hydrolysis	  during	  purification.	  
Couplings	  between	  the	  NHS-‐esters	  and	  UDP-‐galactosamine	  (3.8)	  were	  carried	  out	  in	  
water	  with	  mixed	  miscible	  organic	  solvents	  to	  solubilize	  the	  NHS	  ester.	  The	  
reactions	  were	  performed	  at	  a	  pH	  of	  7.5-‐8,	  to	  facilitate	  amide	  bond	  formation	  by	  
nucleophilic	  attack	  of	  the	  amine	  over	  ester	  hydrolysis179.	  Incremental	  addition	  of	  
NHS-‐ester	  over	  a	  longer	  period	  of	  time	  increases	  the	  overall	  conversion.	  This	  is	  not	  
unexpected	  as	  the	  ester	  undergoes	  hydrolysis	  over	  time,	  and	  extending	  the	  
exposure	  time	  of	  3.8	  to	  the	  intact	  ester	  will	  improve	  product	  formation.	  The	  major	  
byproduct	  from	  these	  reactions	  was	  free	  NHS,	  and	  unreacted	  UDP-‐GalN	  could	  be	  
recovered	  during	  purification	  for	  reuse.	  Size	  exclusion	  chromatography	  in	  water	  
was	  used	  to	  purify	  the	  UDP-‐GalNAc	  analogs	  3.13a-‐g	  (Figure	  3-‐5).	  
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Figure	  3-‐5.	  UDP-‐GalNAc	  analogs	  modified	  at	  C8	  position.	  

We	  observed	  a	  broad	  range	  of	  percent	  conversion	  values	  for	  the	  UDP-‐GalNAc	  
analogs.	  There	  is	  a	  significant	  increase	  in	  the	  conversion	  by	  NMR	  between	  analogs	  
3.13d	  (60%)	  and	  analogs	  3.13f	  and	  3.13g	  (100%	  conversion).	  Analogs	  3.13a-‐e	  are	  
branched	  at	  the	  alpha	  position,	  but	  3.13f,	  derived	  from	  β-‐alanine,	  and	  3.13g,	  
derived	  from	  L-‐3-‐aminobutyric	  acid,	  contain	  a	  methylene	  at	  that	  position.	  This	  leads	  
us	  to	  believe	  that	  substitutions	  at	  the	  alpha	  position	  introduce	  significant	  steric	  
factors	  to	  the	  molecule	  that	  may	  influence	  activity	  with	  mutant	  ppGalNAcTs.	  	  
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3.6.	  Experimental	  

3.6.1.	  General	  

All	  chemical	  reagents	  were	  analytical	  grade	  and	  commercially	  available,	  unless	  
otherwise	  noted.	  Organic	  reactions	  were	  performed	  in	  oven-‐dried	  reaction	  vessels	  
under	  an	  N2	  atmosphere,	  and	  liquid	  reagents	  were	  added	  with	  a	  dry	  needle	  unless	  
otherwise	  noted.	  Sealed	  bottles	  of	  anhydrous	  methanol	  and	  anhydrous	  pyridine	  
were	  purchased	  from	  Alfa	  Aesar	  and	  Acros	  Organics,	  respectively.	  All	  other	  solvents	  
were	  purified	  as	  described	  by	  Pangborn	  et	  al.48	  Organic	  extracts	  were	  dried	  with	  
MgSO4	  and	  solvent	  was	  removed	  with	  a	  rotary	  evaporator	  at	  reduced	  pressure.	  
Flash	  chromatography	  was	  carried	  out	  with	  Silicycle	  SiliaFlash	  P60	  230-‐400	  mesh	  
silica	  gel	  according	  to	  the	  procedure	  described	  by	  Still	  et	  al.49	  Thin	  layer	  
chromatography	  was	  carried	  out	  with	  Silicycle	  250	  micron	  60	  Å	  glass	  back	  silica	  gel	  
plates	  and	  visualized	  with	  p-‐anisaldehyde	  staining	  or	  by	  absorbance	  of	  UV	  light	  at	  
245	  nm.	  	  
	  
Reverse	  phase-‐HPLC	  was	  performed	  using	  a	  modular	  Varian	  Prostar	  HPLC	  system	  
with	  210	  and	  254	  nm	  detection	  on	  a	  Microsorb	  C18	  Dynamax	  semi-‐preparative	  
column	  (10	  x	  250	  mm)	  at	  a	  flow	  rate	  of	  4	  mL/min	  or	  preparative	  column	  (21.4	  x	  250	  
mm)	  at	  a	  flow	  rate	  of	  20	  mL/min.	  Bio-‐Gel	  P-‐2	  Gel	  was	  from	  BioRad.	  1H,	  13C,	  and	  31P	  
NMR	  spectra	  were	  obtained	  with	  AVQ-‐400,	  AVB-‐400,	  DRX-‐500,	  AV-‐500	  or	  AV-‐600	  
Bruker	  spectrometers.	  Chemical	  shifts	  (δ)	  are	  reported	  in	  parts	  per	  million	  
referenced	  to	  the	  solvent	  peak	  and	  coupling	  constants	  (J)	  are	  reported	  in	  Hz.	  High	  
resolution	  electrospray	  ionization	  (ESI)	  mass	  spectra	  were	  obtained	  from	  the	  UC	  
Berkeley	  Mass	  Spectrometry	  Facility.	  
	  
All	  biological	  reagents	  were	  molecular	  biology	  or	  cell	  culture	  grade	  and	  from	  
commercial	  sources,	  unless	  otherwise	  specified.	  Chemically	  competent	  E.	  coli	  strain	  
One	  Shot	  Top10	  and	  One	  Shot	  BL21	  (DE3)	  and	  S.O.C.	  medium	  were	  purchased	  
from	  Invitrogen.	  Bacteria	  were	  grown	  in	  LB	  broth	  (Lennox	  L	  Broth	  Base,	  Invitrogen)	  
supplemented	  with	  100	  μg/mL	  ampicillin	  (LB/amp)	  or	  50	  μg/mL	  kanamycin	  
(LB/kan)	  and	  grown	  on	  LB/amp	  or	  LB/kan	  agar	  plates.	  The	  Plasmid	  Midi	  and	  Maxi	  
kits	  and	  Ni-‐NTA	  agarose	  were	  from	  QIAGEN.	  	  
	  
BamHI,	  BamHI-‐HF,	  NdeI,	  Antarctic	  phosphatase,	  and	  T4	  DNA	  ligase	  were	  purchased	  
from	  New	  England	  Biolabs	  (NEB).	  PfuUltra	  II	  Fusion	  HS	  DNA	  polymerase	  was	  from	  
Agilent.	  1	  Kb	  and	  100	  bp	  DNA	  ladders	  were	  from	  Invitrogen.	  DNA	  Clean	  and	  
Concentrator™-‐5,	  Zyppy™	  Plasmid	  Miniprep	  Kit,	  and	  Zymoclean™	  Gel	  DNA	  Recovery	  
kit	  were	  from	  Zymo	  Research.	  Elim	  Biopharmaceuticals,	  Inc	  (Hayward,	  CA)	  
synthesized	  all	  primers	  and	  performed	  all	  plasmid	  DNA	  sequencing.	  Integrated	  DNA	  
Technologies	  (IDT)	  synthesized	  all	  gBlocks.	  

	  
COmplete	  EDTA-‐free	  Protease	  inhibitor	  cocktail	  tablets	  were	  purchased	  from	  Roche.	  
Criterion™	  XT	  Bis-‐Tris	  Precast	  gels,	  XT-‐MES	  Running	  Buffer,	  nitrocellulose	  
membrane	  (0.45	  micron),	  Precision	  Plus	  Protein™	  Kaleidoscope™	  Prestained	  
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Standards	  (10-‐250	  kDa),	  and	  Kaleidoscope™	  Prestained	  Standards	  (7.6-‐216	  kDa)	  
were	  obtained	  from	  BioRad.	  SuperSignal	  West	  Pico	  Chemilluminescent	  Substrate	  
was	  purchased	  from	  Fisher	  Scientific.	  	  
	  
Deactivated	  C2	  silica	  gel	  was	  generously	  provided	  by	  P.	  Shieh	  (C.	  Bertozzi	  
Laboratory),	  and	  was	  generated	  by	  treating	  silica	  with	  ethyl-‐trichlorosilane,	  similar	  
to	  the	  procedure	  described	  be	  Panne	  et	  al.183.	  

3.6.2.	  General	  Methods	  

Manufacturer	  recommended	  protocols	  for	  Zymo	  Research	  kits	  were	  subject	  to	  the	  
following	  modifications:	  Prior	  to	  elution,	  spin	  columns	  were	  dried	  by	  centrifugation	  
at	  maximum	  speed	  for	  2	  min.	  DNA	  was	  eluted	  with	  water	  added	  directly	  to	  the	  filter,	  
followed	  by	  1	  min	  incubation	  and	  1	  min	  centrifugation	  at	  maximum	  speed).	  	  
	  
DNA	  was	  quantitated	  using	  a	  Nanodrop	  2000	  UV-‐vis	  spectrophotometer.	  	  
	  
DNA	  samples	  were	  pre-‐mixed	  for	  sequencing:	  500	  ng	  plasmid	  DNA,	  8	  pM	  primer,	  15	  
μL	  total	  in	  water.	  

3.6.3.	  General	  Protocol	  1:	  Standard	  PCR	  conditions	  

PCR	  amplifications	  were	  carried	  out	  in	  duplicate	  for	  all	  cloning	  applications	  as	  
recommended	  by	  the	  manufacturer:	  25	  ng	  template	  DNA,	  0.2	  µM	  forward	  primer,	  
0.2	  µM	  reverse	  primer,	  250	  μM	  of	  each	  dNTP,	  3%	  DMSO,	  1x	  PfuUltra	  II	  buffer,	  and	  1	  
µL	  PfuUltra	  II	  Fusion	  HS	  DNA	  polymerase	  in	  a	  final	  reaction	  volume	  of	  50	  μL	  in	  
water.	  	  
	  
Thermocycle	  conditions	  were	  95	  °C	  for	  2	  min;	  30	  cycles	  of	  95	  °C	  for	  20	  sec,	  
annealing	  temp	  for	  20	  sec,	  72	  °C	  extension	  for	  15sec/	  kb;	  72	  °C	  for	  3	  min;	  4	  °C	  hold.	  
Annealing	  temperatures	  were	  generally	  TM	  –	  5	  °C	  and	  are	  listed	  with	  the	  primers.	  
For	  primers	  with	  5’	  overhangs,	  annealing	  temperatures	  are	  based	  on	  the	  TM	  of	  the	  
portion	  of	  the	  primer	  designed	  to	  anneal	  to	  the	  template.	  Extension	  times	  are	  listed	  
with	  the	  primers.	  

3.6.4.	  General	  Protocol	  2:	  Standard	  protocol	  for	  bacterial	  cloning	  

Bacterial	  transformations	  were	  carried	  out	  in	  One	  Shot®	  Top10	  E.	  coli	  for	  cloning	  or	  
One	  Shot®	  BL21	  (DE3)	  E.	  coli	  for	  protein	  expression	  according	  to	  the	  manufacturer’s	  
instructions	  as	  described	  below.	  Modifications	  for	  specific	  applications	  are	  in	  the	  
second	  paragraph.	  Bacteria	  (50	  µL)	  were	  thawed	  on	  wet	  ice	  for	  10	  min,	  2.5	  –	  125	  ng	  
DNA	  was	  added	  based	  on	  the	  application,	  tubes	  were	  flicked	  gently	  to	  mix,	  and	  E.	  
coli	  were	  incubated	  on	  wet	  ice	  for	  25	  min.	  E.	  coli	  were	  subjected	  to	  heat	  shock	  at	  42	  
°C	  for	  30	  sec,	  incubated	  on	  wet	  ice	  2	  min,	  and	  250	  µL	  rt	  S.O.C.	  medium	  was	  added.	  E.	  
coli	  were	  grown	  shaking	  at	  225	  rpm	  at	  37	  °C	  for	  35	  (AmpR)	  –	  45	  (KanR)	  min.	  Based	  
on	  the	  application,	  25-‐100	  µL	  E.	  coli	  were	  spread	  onto	  LB	  plates	  with	  100	  µg/mL	  
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ampicillin	  or	  50	  µg/mL	  kanamycin.	  Plates	  were	  incubated	  at	  37	  °C	  for	  
approximately	  16	  h	  and	  then	  stored	  at	  4	  °C.	  Individual	  colonies	  were	  picked	  and	  
used	  to	  inoculate	  5	  mL	  LB	  with	  antibiotics	  (100	  µg/mL	  ampicillin	  or	  50	  µg/mL	  
kanamycin).	  5	  mL	  cultures	  were	  grown	  shaking	  at	  225	  rpm	  at	  37	  °C	  for	  
approximately	  16	  h,	  and	  cells	  were	  pelleted	  at	  3,650	  x	  g	  at	  4	  °C	  for	  15	  minutes.	  
Supernatant	  was	  removed,	  pellets	  were	  flicked	  and	  then	  suspended	  in	  600	  µL	  water.	  
DNA	  was	  extracted	  using	  a	  Zyppy™	  Plasmid	  Miniprep	  Kit	  according	  to	  the	  
manufacturer’s	  protocol	  with	  modifications	  as	  described	  in	  the	  General	  Methods	  (30	  
µL	  elution).	  
	  
Quantities	  of	  DNA	  added	  for	  transformations	  and	  the	  volume	  of	  transformed	  E.	  coli	  
plated	  varied	  based	  on	  the	  application.	  When	  plasmid	  DNA	  was	  previously	  purified	  
from	  E.	  coli,	  0.25	  µL	  (25-‐125	  ng	  DNA)	  was	  used	  for	  transformation,	  and	  25-‐35	  µL	  E.	  
coli	  were	  plated.	  When	  plasmid	  DNA	  was	  prepared	  via	  ligation,	  2	  µL	  ligation	  (2.5	  ng	  
DNA)	  was	  used	  for	  transformation,	  and	  100-‐200	  µL	  E.	  coli	  were	  plated.	  	  

3.6.5.	  General	  Protocol	  3:	  Standard	  protocol	  for	  restriction	  digest	  cloning	  

Insert	  DNA	  was	  amplified	  as	  described	  in	  General	  Protocol	  1.	  Target	  vectors	  were	  
subjected	  to	  restriction	  digest	  (2.5	  μg	  plasmid	  DNA,	  1x	  NEB	  buffer,	  1x	  BSA	  as	  
necessary,	  1	  μL	  of	  each	  restriction	  enzyme	  in	  a	  50	  μL	  digest,	  2	  h	  at	  37	  °C).	  Both	  the	  
vector	  and	  insert	  were	  isolated	  with	  a	  0.8%	  agarose	  gel	  and	  purified	  with	  a	  
Zymoclean™	  Gel	  DNA	  Recovery	  kit	  according	  to	  the	  manufacturer’s	  protocol	  with	  
modifications	  as	  described	  in	  the	  General	  Methods	  (12	  μL	  elution).	  The	  insert	  was	  
subjected	  to	  restriction	  digest	  (volume	  of	  purified	  PCR	  product,	  1x	  NEB	  buffer,	  1x	  
BSA	  as	  necessary,	  1	  μL	  of	  each	  restriction	  enzyme	  in	  a	  50	  μL	  digest,	  2	  h	  at	  37	  °C).	  
The	  vector	  was	  treated	  with	  Antarctic	  phosphatase	  (volume	  of	  digested	  DNA,	  1x	  
Antarctic	  phosphatase	  buffer,	  2	  U	  (.4	  μL)	  Antarctic	  phosphatase,	  and	  a	  20	  μL	  final	  
volume	  in	  water,	  1	  h	  at	  37	  °C).	  Vector	  and	  insert	  were	  purified	  before	  ligation	  with	  
DNA	  Clean	  and	  Concentrator™-‐5	  according	  to	  the	  manufacturer’s	  protocol	  with	  
modifications	  as	  described	  in	  the	  General	  Methods	  (10	  μL	  elution).	  A	  3:1	  molar	  ratio	  
of	  insert	  to	  vector	  (25	  ng	  vector)	  were	  ligated	  (1x	  NEB	  T4	  DNA	  ligase	  buffer,	  0.5	  μL	  
(1000	  U)	  NEB	  T4	  DNA,	  and	  a	  10	  μL	  final	  volume	  in	  water,	  30	  min	  at	  rt).	  Bacteria	  
were	  transformed	  and	  clones	  were	  isolated	  as	  described	  in	  General	  Protocol	  2.	  	  

3.6.6.	  General	  Protocol	  4:	  SDS-‐PAGE	  

Samples	  were	  prepared	  by	  adding	  4x	  SDS	  protein	  loading	  buffer	  (final	  
concentrations	  1x	  sodium	  dodecyl	  sulfate,	  2.5	  %	  2-‐mercaptoethanol)	  and	  denatured	  
by	  boiling	  at	  95	  °C	  for	  5	  min.	  Samples	  were	  centrifuged	  at	  maximum	  speed	  for	  15	  
sec	  and	  loaded	  onto	  a	  12	  %	  or	  4-‐12	  %	  Bis-‐Tris	  precast	  gel.	  Electrophoresis	  was	  
carried	  out	  in	  XT-‐MES	  buffer	  (BioRad)	  at	  180	  V	  for	  approximately	  45	  minutes.	  Gels	  
were	  rinsed	  briefly	  with	  water	  following	  electrophoresis	  and	  stained	  with	  
Coomassie	  Blue.	  
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3.6.7.	  UDP-‐GalNAz	  synthesis	  

1,3,4,6-‐Tetra-‐O-‐acetyl-‐2-‐azidoacetamido-‐2-‐deoxy-‐D-‐galactopyranoside	  (Ac4GalNAz,	  
3.3)	  
This	  protocol	  was	  adapted	  from	  Hang	  et	  al.	  and	  Laughlin	  el	  al.	  for	  the	  chemical	  
synthesis	  of	  UDP-‐GalNAz	  and	  Ac4GalNAz,	  respectively2,26,27.	  The	  peracetylated	  sugar	  
3.3	  is	  synthesized	  via	  the	  free	  sugar,	  3.2.	  To	  a	  250-‐mL	  round-‐bottom	  flask	  was	  
added	  azidoacetic	  acid	  (755	  mg,	  7.47	  mmol),	  anhydrous	  methanol	  (46.7	  mL),	  D-‐
galactosamine	  hydrochloride	  (3.1,	  1.00	  g,	  4.67	  mmol),	  and	  triethylamine	  (1.67	  mL,	  
12.0	  mmol).	  The	  reaction	  mixture	  was	  stirred	  under	  an	  N2	  atmosphere	  for	  5	  min	  at	  
room	  temperature,	  then	  cooled	  to	  0	  °C	  in	  an	  ice	  water	  bath.	  To	  the	  flask	  was	  then	  
added	  1-‐hydroxybenzotriazole	  hydrate	  (0.631	  g,	  4.67	  mmol)	  and	  EDC	  (1.79	  g,	  9.33	  
mmol).	  The	  reaction	  was	  allowed	  to	  warm	  to	  room	  temperature	  overnight	  while	  
stirring	  under	  an	  N2	  atmosphere	  and	  then	  concentrated	  in	  vacuo	  to	  give	  a	  dark	  
orange	  syrup.	  The	  crude	  material	  was	  purified	  by	  silica	  gel	  flash	  chromatography	  
eluting	  with	  9:1	  CH2Cl2:	  MeOH	  to	  afford	  compound	  3.2,	  which	  was	  carried	  forward	  
without	  further	  purification.	  

	  
To	  a	  250-‐mL	  round-‐bottom	  flask	  was	  added	  compound	  3.2	  (all	  isolated	  from	  
previous	  step,	  5.65	  mmol	  assuming	  100%	  yield),	  anhydrous	  pyridine	  (30	  mL),	  and	  
acetic	  anhydride	  (30	  mL,	  0.317	  mol).	  The	  reaction	  mixture	  was	  stirred	  under	  an	  N2	  
atmosphere	  at	  room	  temperature	  overnight	  and	  then	  coevaporated	  with	  toluene	  in	  
vacuo	  to	  give	  a	  pale	  yellow	  syrup.	  The	  crude	  product	  was	  dissolved	  in	  ethyl	  acetate	  
(100	  mL),	  washed	  with	  1M	  aqueous	  HCl	  (20	  mL),	  saturated	  NaHCO3	  (20	  mL),	  and	  
saturated	  NaCl	  (20	  mL),	  dried	  over	  MgSO4,	  and	  concentrated.	  The	  product	  was	  
purified	  by	  silica	  gel	  flash	  chromatography	  eluting	  with	  a	  gradient	  of	  hexanes:	  ethyl	  
acetate	  (3:1	  to	  1:2)	  to	  afford	  3.3	  as	  a	  white	  foam	  (0.751	  g,	  31%	  yield	  over	  two	  steps,	  
1.3:	  1	  α:β	  anomers).	  The	  α	  and	  β	  anomers	  were	  isolated	  by	  further	  purification	  by	  
HPLC	  using	  C18	  column	  eluting	  with	  a	  gradient	  of	  CH3CN/H2O	  (5-‐50	  %).	  The	  physical	  
and	  spectroscopic	  properties	  match	  those	  of	  the	  literature.2,27	  α-‐anomer	  1H	  NMR	  
(400	  MHz,	  CDCl3)	  δ	  6.26	  (d,	  NH,	  J	  =	  9.2	  Hz),	  6.23	  (d,	  1	  H,	  J	  =	  3.6	  Hz),	  5.45	  (dd,	  1	  H,	  J	  =	  
3.2,	  1.2	  Hz),	  5.26	  (dd,	  1	  H,	  J	  =	  11.6,	  3.2	  Hz),	  4.71	  (ddd,	  1	  H,	  J	  =	  11.6,	  9.2,	  3.6	  Hz),	  4.26	  
(app	  d,	  1	  H,	  J	  =	  6.8	  Hz),	  4.10	  (m,	  2	  H),	  3.96	  (s,	  2	  H),	  2.19	  (s,	  3	  H),	  2.17	  (s,	  3	  H),	  2.04	  (s,	  
3	  H),	  2.03	  (s,	  3	  H);	  13C	  NMR	  (125	  MHz,	  CDCl3)	  δ	  171.04,	  170.41,	  170.18,	  168.89,	  
166.91,	  90.96,	  68.68,	  67.64,	  66.58,	  61.24,	  52.50,	  47.03,	  20.96,	  20.75,	  20.70,	  20.69;	  β-‐
anomer	  1H	  NMR	  (400	  MHz,	  CDCl3)	  δ	  6.25	  (d,	  NH,	  J	  =	  8.8	  Hz),	  5.78	  (d,	  1	  H,	  J	  =	  8.4	  Hz),	  
5.40	  (dd,	  1	  H,	  J	  =	  3.2,	  0.8	  Hz),	  5.19	  (dd,	  1	  H,	  J	  =	  11.6,	  3.6	  Hz)	  4.39	  (dt,	  1	  H,	  J	  =	  11.2,	  9.2	  
Hz),	  4.15	  (m,	  2	  H),	  4.04	  (app	  td,	  1	  H,	  J	  =	  6.4,	  0.8	  Hz),	  3.93	  (s,	  2	  H),	  2.17	  (s,	  3	  H),	  2.13	  
(s,	  3	  H),	  2.05	  (s,	  3	  H),	  2.02	  (s,	  3	  H);	  13C	  NMR	  (126	  MHz,	  CDCl3)	  δ	  170.41,	  170.11,	  
169.35,	  167.14,	  166.90,	  92.64,	  71.91,	  70.01,	  66.27,	  61.21,	  52.62,	  50.06,	  20.91,	  20.70,	  
20.69,	  20.63;	  ESI-‐HRMS	  calcd.	  for	  C16H22N4O10Na	  [M+Na]+	  453.1228,	  found	  
453.1228.	  
	  
3,4,6-‐Tri-‐O-‐acetyl-‐2-‐azidoacetamido-‐2-‐deoxy-‐D-‐galactopyranose	  (Ac3GalNAz,	  3.4)	  
(3:1	  mixture	  of	  α:β	  anomers)	  
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This	  protocol	  was	  adapted	  from	  Ravindranathan	  et	  al.	  for	  the	  chemical	  synthesis	  of	  
nucleotide	  sugars34.	  To	  a	  50-‐mL	  round	  bottom	  flask	  was	  added	  compound	  3.3	  (401	  
mg,	  0.931	  mmol),	  oven-‐dried,	  powdered	  4	  Å	  molecular	  sieves	  (0.400	  g),	  and	  
anhydrous	  methanol	  (10	  mL).	  The	  reaction	  was	  allowed	  to	  stir	  at	  room	  temperature	  
under	  N2	  and	  monitored	  by	  TLC	  analysis	  with	  3%	  methanol	  in	  CH2Cl2.	  When	  
significant	  conversion	  to	  product	  was	  detected	  and	  before	  major	  side	  products	  
began	  to	  appear	  (8	  h),	  the	  reaction	  was	  filtered	  and	  concentrated	  in	  vacuo	  to	  give	  a	  
pale	  yellow	  syrup.	  The	  crude	  material	  was	  purified	  by	  silica	  gel	  chromatography	  
eluting	  with	  1%	  methanol	  in	  CH2Cl2	  to	  give	  3.4	  as	  a	  white	  solid	  (142.4	  mg,	  39%	  
yield).	  The	  physical	  and	  spectroscopic	  properties	  match	  those	  of	  the	  literature.2,27	  1H	  
NMR	  (500	  MHz,	  CDCl3)	  δ	  6.78	  (β,	  d,	  NH,	  J	  =	  7.5	  Hz),	  6.52	  (α,	  d,	  NH,	  J	  =	  9.5	  Hz),	  5.42	  
(α,	  dd,	  1	  H,	  J	  =	  3.0,	  1.0	  Hz),	  5.38	  (β,	  dd,	  1	  H,	  J	  =	  3.0,	  0.5	  Hz),	  5.34	  (α,	  app	  t,	  1	  H,	  J	  =	  3.0	  
Hz),	  5.28	  (α,	  dd,	  1	  H,	  J	  =	  11.5,	  3.0	  Hz),	  5.11	  (β,	  dd,	  1	  H,	  J	  =	  11.0,	  3.0	  Hz),	  4.85	  (β,	  app	  d,	  
1	  H,	  J	  =	  8.0	  Hz),	  4.67	  (β,	  app	  t,	  1	  H,	  J	  =	  8.3	  Hz),	  4.56	  (α,	  m,	  1	  H),	  4.44	  (α,	  app	  t,	  1	  H,	  J	  =	  
6.5	  Hz),	  4.12	  (m,	  5	  H),	  4.03	  (β,	  s,	  2	  H),	  3.96	  (α,	  d,	  2	  H,	  J	  =	  0.5	  Hz),	  3.34	  (α,	  d,	  OH,	  J	  =	  
2.0	  Hz),	  2.17	  (s,	  6	  H),	  2.06	  (s,	  9	  H),	  2.01	  (α,	  s,	  3	  H);	  α-‐anomer	  13C	  NMR	  (126	  MHz,	  
CDCl3)	  δ	  170.92,	  170.68,	  170.34,	  167.06,	  92.02,	  67.93,	  67.42,	  66.69,	  62.02,	  52.57,	  
48.05,	  20.78,	  20.76,	  20.68.	  ESI-‐HRMS	  calcd.	  for	  C14H20N4O9Na	  [M+Na]+	  411.1118,	  
found	  411.1122.	  
	  
Diallyl	  3,4,6-‐Tri-‐O-‐acetyl-‐2-‐azidoacetamido-‐2-‐deoxy-‐α-‐D-‐galactopyranosyl-‐1-‐
phosphate	  (protected	  GalNAz-‐1-‐P,	  3.5)	  
This	  protocol	  was	  adapted	  from	  Hang	  et	  al.	  for	  the	  chemical	  synthesis	  of	  UDP-‐
GalNAz2,27.	  To	  a	  10-‐mL	  round	  bottom	  flask	  was	  added	  compound	  3.4	  (67.8	  mg,	  
0.175	  mmol),	  CH2Cl2	  (2	  mL),	  and	  1H-‐tetrazole	  (59.3	  mg,	  0.846	  mmol).	  The	  reaction	  
was	  stirred	  under	  N2	  for	  10	  min	  at	  room	  temperature	  and	  diallyl	  N,N-‐
diisopropylphosphoramidite	  (0.139	  mL,	  0.509	  mmol)	  was	  added	  dropwise.	  The	  
reaction	  mixture	  was	  stirred	  for	  3	  h	  under	  N2	  at	  room	  temperature,	  cooled	  to	  –40	  °C,	  
and	  mCPBA	  (146	  mg,	  0.846	  mmol)	  was	  added.	  The	  reaction	  was	  stirred	  for	  10	  min	  
at	  –40	  °C	  and	  then	  warmed	  for	  1	  h	  in	  an	  ice	  water	  bath.	  The	  reaction	  mixture	  was	  
diluted	  in	  CH2Cl2	  (20	  mL),	  washed	  with	  10	  %	  aqueous	  Na2SO3	  (2	  x	  20	  mL),	  saturated	  
NaHCO3	  (20	  mL),	  and	  water	  (20	  mL).	  The	  organic	  layer	  was	  dried	  over	  anhydrous	  
MgSO4,	  filtered,	  and	  concentrated	  in	  vacuo,	  and	  the	  crude	  product	  was	  purified	  by	  
silica	  gel	  chromatography	  eluting	  with	  ethyl	  acetate:	  hexanes	  (2:1)	  to	  afford	  3.5	  as	  a	  
white	  solid	  (24.8	  mg,	  27	  %	  yield).	  The	  physical	  and	  spectroscopic	  properties	  match	  
those	  of	  the	  literature.2,27	  1H	  NMR	  (400	  MHz,	  CDCl3)	  δ	  6.55	  (d,	  NH,	  J	  =	  9.2),	  5.95	  (m,	  2	  
H),	  5.78	  (dd,	  1	  H,	  J	  =	  6.0,	  3.2	  Hz),	  5.46	  (dd,	  1	  H,	  J	  =	  3.2,	  1.0	  Hz),	  5.40	  (ddq,	  2	  H,	  J	  =	  
17.2,	  6.4,	  1.2	  Hz),	  5.31	  (m,	  2	  H),	  5.24	  (dd,	  1	  H,	  J	  =	  11.4,	  3.0	  Hz),	  4.60	  (m,	  5	  H),	  4.43	  
(app	  t,	  1	  H,	  J	  =	  6.4	  Hz),	  4.11	  (m,	  2	  H),	  3.95	  (s,	  2	  H)	  2.16	  (s,	  3	  H),	  2.03	  (s,	  3	  H),	  2.01	  (s,	  
3	  H);	  13C	  NMR	  (151	  MHz,	  CDCl3)	  δ	  170.02,	  170.56,	  170.35,	  167.57,	  132.36	  (d,	  J	  =	  6.6	  
Hz),	  132.32	  (d,	  J	  =	  6.6	  Hz),	  119.36,	  119.30,	  96.56	  (d,	  J	  =	  6.15	  Hz),	  69.16	  (d,	  J	  =	  4.5	  Hz),	  
69.07,	  69.02	  (d,	  J	  =	  4.5	  Hz),	  67.56,	  67.05,	  61.69,	  52.78,	  48.25	  (d,	  J	  =	  7.5	  Hz),	  20.96,	  
20.93;	  31P	  NMR	  (162	  MHz,	  CDCl3)	  δ	  -‐2.22.	  ESI-‐HRMS	  calcd.	  for	  C20H29N4O12PNa	  
[M+Na]+	  571.1410,	  found	  571.1412.	  
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Uridine	  5’-‐diphospho-‐2-‐azidoacetamido-‐2-‐deoxy-‐α-‐D-‐galactopyranose	  disodium	  
salt	  (UDP-‐GalNAz,	  2.1).	  	  
UDP-‐GalNAz	  was	  synthesized	  from	  3.5	  as	  described	  in	  the	  literature2,27.	  Compound	  
2.1	  was	  purified	  by	  size	  exclusion	  chromatography	  and	  quantified	  as	  described	  for	  
compound	  3.8.	  1H	  NMR	  (400	  MHz,	  Deuterium	  Oxide)	  δ	  7.92	  (d,	  J	  =	  8.1	  Hz,	  1H),	  5.99	  –	  
5.89	  (m,	  2H),	  5.54	  (dd,	  J	  =	  7.2,	  3.4	  Hz,	  1H),	  4.34	  (p,	  J	  =	  5.2	  Hz,	  2H),	  4.29	  –	  4.08	  (m,	  
6H),	  4.04	  (d,	  J	  =	  16.3	  Hz,	  2H),	  3.96	  (dd,	  J	  =	  10.9,	  3.1	  Hz,	  1H),	  3.76	  –	  3.68	  (m,	  2H).	  13C	  
NMR	  (101	  MHz,	  Deuterium	  Oxide)	  δ	  171.14,	  166.22,	  151.79,	  141.67,	  102.62,	  94.56	  
(d,	  J	  =	  6.3	  Hz),	  88.53,	  83.17	  (d,	  J	  =	  9.1	  Hz),	  73.76,	  72.10,	  69.63,	  68.37,	  67.51,	  65.02	  (d,	  
J	  =	  5.5	  Hz),	  61.02,	  51.61,	  49.90	  (d,	  J	  =	  8.3	  Hz).	  31P	  NMR	  (162	  MHz,	  Deuterium	  Oxide)	  
δ	  -‐11.22	  (d,	  J	  =	  21.0	  Hz),	  -‐12.86	  (d,	  J	  =	  21.0	  Hz).	  ESI-‐HRMS	  calcd.	  for	  C17H25N6O17P2	  
[M	  –	  2	  Na	  +	  H]-‐	  647.0757,	  found	  647.0738.	   	  	  

3.6.8.	  Enzymatic	  synthesis	  of	  UDP-‐GalN	  

3.6.8.1.	  Cloning	  enzymes	  for	  UDP-‐GalN	  synthesis	  

The	  Galactose-‐1P	  Uridyltransferase	  (GalPUT,	  P09148,	  E.	  coli)	  in	  the	  pET15b	  
expression	  plasmid	  was	  generously	  provided	  by	  the	  R.	  Field	  Laboratory	  (John	  Innes	  
Centre,	  Norwich,	  England).	  Inorganic	  pyrophosphatase	  (PPiase,	  PmPpA,	  Pasteurella	  
multocida)	  was	  cloned	  by	  the	  X.	  Chen	  Laboratory184,	  was	  cloned	  into	  pET23a	  by	  P.	  
Wu	  (Albert	  Einstein	  College	  of	  Medicine,	  Bronx,	  NY),	  and	  was	  provided	  by	  J.	  Hudak	  
(C.	  Bertozzi	  Laboratory).	  The	  Galactokinase	  (GalK,	  pDB88,	  E.	  coli),	  Pyruvate	  kinase	  
(PyK2,	  P413TEF-‐PYK2,	  S.	  cerevisiae),	  and	  UDP-‐Glc	  pyrophosphorylase	  (UDPGP,	  
UDPGP,	  T.	  brucei)	  were	  purchased	  from	  Addgene.	  All	  clones	  from	  Addgene	  were	  
streaked	  onto	  LB	  plates	  with	  the	  appropriate	  antibiotic,	  and	  DNA	  was	  isolated	  as	  
described	  in	  General	  Protocol	  2.	  GalK	  and	  PyK2	  enzymes	  were	  cloned	  into	  the	  
pET15b	  vector	  as	  described	  below.	  All	  enzyme	  constructs	  was	  transformed	  into	  
BL21(DE3)	  E.	  coli	  for	  expression	  as	  described	  in	  General	  Protocol	  2.	  	  
	  
GALK	  and	  PYK2	  were	  cloned	  into	  pET15b	  (5.7	  kb)	  as	  described	  in	  General	  Protocol	  
3.	  The	  vector	  was	  digested	  at	  the	  BamHI	  and	  NdeI	  sites	  (1x	  NEB4	  buffer,	  1x	  BSA,	  0.5	  
μL	  (10	  U)	  BamHI-‐HF™,	  1	  μL	  (20	  U)	  NdeI	  in	  a	  50	  μL	  digest,	  2	  h	  at	  37	  °C).	  GalK	  and	  
PyK2	  were	  amplified	  with	  primers	  in	  Table	  3-‐1.	  The	  insert	  was	  digested	  as	  
described	  for	  the	  vector.	  The	  transformants	  were	  screened	  by	  colony	  PCR	  and	  
sequenced	  with	  primers	  in	  Table	  3-‐1	  as	  described	  in	  the	  General	  Methods.	  	  
	  
Primer	  ID	   Sequence	   Annealing	  

Temp	  (°C)	  
GalKpet15bF	   5’-‐	  agccatATGAGTCTGAAAGAAAAAACACAATCTCTG	  	   52	  
GalKpet15bR	   5’-‐	  gccggatccTCAGCACTGTCCTGCTCCTTG	  	   52	  
GalPUTseq1F	   5’-‐	  caaccgcacctgtggcgccgg	  	   59	  
GalPUTseq4R	   5’-‐	  cctggatgctgtaggcataggc	  	   53	  
PYK2petlongF	   5’-‐	  ggcagccatATGCCAGAGTCCAGATTGCAGAGAC	  	   53	  
PYK2petlongR	   5’-‐	  gccggatccCTAGAATTCTTGACCAACAGTAGAAATGC	  	   53	  



	   72	  

Table	  3-‐1.	  Primers	  used	  for	  cloning	  enzymes	  needed	  in	  the	  enzymatic	  synthesis	  of	  
UDP-‐GalN.	  Gene	  sequences	  are	  in	  uppercase	  and	  vector	  sequence	  is	  in	  lowercase.	  PCR	  
amplicon	  for	  GalK	  is	  1.2	  kb(30	  sec	  extension)	  and	  for	  PYK2	  is	  1.5	  kb	  (40	  sec	  extension).	  
GalKpet15bF	  and	  R	  were	  used	  for	  amplification	  and	  colony	  PCR	  of	  GalK.	  PYK2petlongF	  and	  
R	  were	  used	  for	  amplification	  and	  colony	  PCR	  of	  PYK2.	  GalPUTseq1F	  and	  GalPUTseq4R	  
were	  used	  for	  sequencing	  clones.	  

3.6.8.2.	  Bacterial	  protein	  expression	  and	  purification	  

Single	  colonies	  of	  each	  of	  the	  five	  enzymes	  in	  BL21(DE3)	  E.	  coli	  were	  used	  to	  
inoculate	  a	  5	  mL	  of	  LB/amp	  broth.	  Two	  cultures	  of	  GalK	  were	  inoculated.	  Cultures	  
were	  grown	  at	  225	  rpm	  and	  37	  °C	  overnight	  to	  A600	  ≥	  2.	  Cultures	  were	  diluted	  to	  
A600	  =	  0.05	  into	  200mL	  fresh	  LB/amp	  broth	  and	  grown	  for	  2	  h	  to	  A600	  ≥	  0.8.	  Protein	  
expression	  was	  induced	  with	  0.5	  mM	  IPTG	  (1.5	  mM	  IPTG	  for	  UDPGP	  and	  PyK2)	  and	  
cultures	  were	  grown	  at	  16°C	  at	  225	  rpm	  for	  20	  h.	  Aliquots	  (100	  µL)	  were	  removed	  
immediately	  (t0),	  and	  at	  3	  and	  20	  h.	  After	  the	  overnight	  induction,	  the	  cultures	  of	  
each	  enzyme	  were	  centrifuged	  at	  3650	  x	  g	  for	  15	  min	  at	  4	  °C.	  
	  
Supernatant	  was	  removed	  and	  cell	  pellets	  were	  resuspended	  in	  Lysis	  Buffer	  (20	  mM	  
Tris-‐Cl	  pH	  8.5,	  500	  mM	  NaCl,	  5	  mM	  MgCl2,	  1%	  Triton	  X-‐100,	  and	  freshly	  added	  
lysozyme	  at	  200	  μg/mL	  and	  1x	  EDTA-‐free	  protease	  inhibitors)	  and	  mixed	  on	  a	  
shaker	  at	  room	  temperature	  for	  10	  min.	  DNAse	  I	  (2	  μg/mL)	  was	  added	  and	  the	  
samples	  were	  incubated	  at	  225	  rpm,	  37	  °C	  for	  1	  h.	  The	  lysate	  was	  then	  centrifuged	  
at	  3650	  x	  g	  for	  15	  min	  and	  the	  supernatant	  was	  collected.	  The	  two	  GalK	  lysate	  
samples	  were	  combined.	  	  
	  
Ni-‐NTA	  agarose	  resin	  (50%	  slurry,	  Qiagen)	  was	  added	  to	  each	  lysate	  sample	  
(volumes	  of	  slurry:	  GalK	  8	  mL,	  PYK2	  2	  mL,	  GalPUT	  2.5	  mL,	  UDPGP	  2	  mL,	  PPiase	  3	  
mL).	  An	  explanation	  of	  the	  resin	  volumes	  used	  is	  below.	  The	  lysate	  slurry	  rotated	  at	  
4	  °C	  for	  1	  h,	  samples	  were	  centrifuged	  at	  1000	  x	  g	  for	  3	  min,	  4	  °C	  and	  the	  
supernatant	  was	  discarded.	  The	  pelleted	  agarose	  beads	  were	  washed	  twice	  by	  
gently	  re-‐suspending	  the	  pelleted	  agarose	  beads	  in	  10	  mL	  of	  Wash	  Buffer	  (50	  mM	  
NaH2PO4,	  pH	  8.5,	  300	  mM	  NaCl,	  20	  mM	  imidazole)	  with	  a	  centrifugation	  step	  in	  
between	  the	  washes.	  Finally,	  the	  beads	  were	  suspended	  in	  resin	  volumes	  of	  Storage	  
Buffer	  (20	  mM	  Tris-‐Cl	  pH	  8.5,	  500	  mM	  NaCl,	  5	  mM	  MgCl2).	  
	  
For	  expression	  analysis	  by	  SDS-‐PAGE,	  induction	  aliquots	  were	  mixed	  with	  Loading	  
Buffer	  (1x	  sodium	  dodecyl	  sulfate	  (SDS),	  2.5%	  2-‐mercaptoethanol)	  and	  were	  lysed	  
by	  boiling	  at	  95°C	  for	  10	  min.	  20μL	  of	  these	  lysed	  samples	  were	  reserved	  for	  SDS-‐
PAGE	  analysis.	  A	  40	  μL	  aliquot	  of	  each	  immobilized	  bead	  slurry	  was	  removed	  and	  
centrifuged.	  The	  supernatant	  (20	  μL)	  was	  discarded	  and	  20	  μL	  of	  Elution	  Buffer	  (50	  
mM	  NaH2PO4	  pH	  8.5,	  300	  mM	  NaCl,	  250	  mM	  imidazole)	  was	  added.	  The	  sample	  was	  
mixed	  and	  allowed	  to	  incubate	  for	  1	  min	  before	  centrifuging	  and	  removing	  the	  20μL	  
supernatant	  sample	  for	  SDS-‐PAGE	  analysis.	  The	  elution	  step	  was	  repeated	  twice.	  20	  
μL	  elution	  samples,	  clarified	  lysate,	  flow-‐through,	  and	  wash	  samples	  were	  subjected	  
to	  SDS-‐PAGE	  as	  described	  in	  General	  Protocol	  4	  (Figure	  3-‐6).	  	  
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Figure	  3-‐6.	  Expression	  and	  immobilization	  of	  biosynthetic	  enzymes.	  (A)	  GalK	  41.4	  kDa;	  
Lane	  1-‐3	  induction	  at	  0,	  3,	  20	  h;	  Lane	  4	  lysate;	  Lane	  5-‐7	  induction	  at	  0,	  3,	  20	  h;	  Lane	  8	  lysate;	  
Lane	  9	  flow-‐through;	  Lane	  10	  2nd	  wash;	  Lane	  11-‐13	  elutions	  1-‐3,	  (B)	  PyK2	  55.2	  kDa,	  (C)	  
GalPUT	  42.6	  kDa,	  (D)	  UDPGP	  52.5	  kDa,	  (E)	  PPiase	  19.3	  kDa.	  (B,	  C,	  D,	  E)	  Lane	  1-‐3	  induction	  at	  
0,	  3,	  20	  h;	  Lane	  4	  lysate;	  Lane	  5	  flow-‐through;	  Lane	  6	  2nd	  wash;	  Lane	  7-‐9	  elutions	  1-‐3.	  

To	  roughly	  quantitate	  the	  amount	  of	  enzyme	  used	  in	  each	  reaction,	  the	  lower	  
binding	  capacity	  of	  the	  Ni-‐NTA	  resin	  (5	  mg/mL	  resin)	  was	  used	  to	  approximate	  the	  
mass	  of	  immobilized	  enzyme.	  The	  quantity	  of	  resin	  added	  to	  the	  lysate	  was	  adjusted	  
according	  to	  the	  expected	  protein	  expression	  levels	  as	  indicated	  by	  previous	  BCA	  
assays.	  The	  binding	  saturation	  point	  was	  found	  by	  sequential	  expression	  
experiments	  where	  the	  volume	  of	  resin	  added	  to	  the	  lysate	  was	  incrementally	  
adjusted	  so	  that	  there	  was	  minimal	  unbound	  protein	  in	  the	  lysate	  after	  the	  binding	  
step	  in	  the	  protein	  purification.	  	  
	  
For	  early	  protein	  quantitation	  experiments,	  after	  lysates	  were	  generated	  as	  
described	  above,	  5	  mL	  of	  Ni-‐NTA	  agarose	  slurry	  was	  incubated	  with	  the	  clarified	  
whole	  cell	  lysate	  at	  4	  °C	  for	  1	  hour.	  The	  lysate	  slurry	  was	  applied	  to	  a	  25	  mL	  
disposable	  column	  (2.5	  mL	  bed	  volume)	  and	  the	  flow-‐through	  was	  collected.	  The	  
column	  was	  washed	  2x	  with	  8	  volumes	  of	  Wash	  Buffer	  and	  the	  protein	  was	  eluted	  
with	  one	  volume	  of	  Elution	  Buffer	  four	  times.	  The	  four	  elution	  fractions	  were	  
combined	  in	  a	  15	  mL	  30K	  MW	  cut-‐off	  spin	  filter	  and	  centrifuged	  at	  3650	  x	  g	  for	  10	  
minutes	  at	  4	  °C.	  The	  flow-‐through	  was	  discarded	  and	  the	  filter	  was	  washed	  with	  10	  
mL	  Dialysis	  Buffer	  (20	  mM	  Tris-‐Cl	  pH	  7.4)	  and	  centrifuged	  under	  the	  same	  
conditions	  as	  the	  previous	  step.	  The	  residual	  volume	  in	  the	  filter	  was	  then	  collected	  
and	  the	  filter	  was	  washed	  with	  500	  μL	  Dialysis	  Buffer	  and	  combined	  with	  the	  
residual	  volume.	  The	  concentrated	  and	  purified	  enzymes	  were	  stored	  at	  -‐20	  °C.	  The	  
concentration	  was	  analyzed	  with	  a	  Pierce	  BCA	  Protein	  Assay	  Kit	  according	  to	  the	  
manufacturer’s	  instructions.	  

3.6.8.3.	  UDP-‐GalN	  synthesis	  

This	  protocol	  was	  adapted	  from	  Heidlas	  et	  al.,	  Chen	  et	  al.,	  and	  Errey	  et	  al.	  for	  the	  
enzymatic	  synthesis	  of	  nucleotide	  sugars176,177,185.	  Galactosamine	  (3.1,	  220	  μmol),	  
ATP	  (7.2	  μmol),	  UDP-‐Glucose	  (6.4	  μmol),	  phosphoenolpyruvate	  (214	  μmol)	  and	  
Uridine	  triphosphate	  (152	  μmol)	  were	  combined	  in	  6	  mL	  reaction	  buffer	  (50	  mM	  
HEPES	  pH	  8,	  10	  mM	  MgCl2,	  5	  mM	  KCl)	  in	  a	  15	  mL	  conical,	  and	  the	  pH	  was	  adjusted	  
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to	  8.5	  with	  1M	  KOH.	  The	  immobilized	  enzymes	  (Table	  3-‐2)	  were	  added,	  and	  the	  
reaction	  was	  mixed	  by	  rotating	  at	  30	  °C	  and	  monitored	  by	  TLC	  (3:1	  EtOH:10mM	  
tributylammonium	  bicarbonate	  mobile	  phase,	  UV	  and	  p-‐anisaldehyde	  stain:	  2%	  
glacial	  AcOH,	  4%	  H2SO4,	  2%	  p-‐anisaldehyde	  in	  EtOH).	  The	  reaction	  was	  stopped	  
after	  approximately	  45	  hours	  and	  centrifuged	  at	  10,000	  x	  g	  for	  15	  minutes.	  The	  
supernatant	  was	  removed	  and	  the	  resin	  was	  washed	  twice	  with	  10	  mL	  water.	  The	  
washes	  were	  added	  to	  the	  original	  reaction	  mixture,	  frozen,	  and	  lyophilized.	  	  
	  
Enzyme	   Volume	  of	  bead	  

slurry	  (mL)	  
Galactokinase	   2.6	  
Pyruvate	  Kinase	   1.06	  
Galactose-‐1P	  Uridyltransferase	   0.4	  
UDP-‐Glc	  Pyrophosphorylase	   0.8	  
Inorganic	  Pyrophosphatase	   0.4	  

Table	  3-‐2.	  Quantity	  of	  enzymes	  for	  UDP-‐GalN	  biosynthetic	  reactions.	  Volume	  of	  bead	  
slurry	  is	  used	  to	  approximate	  the	  amount	  of	  enzyme	  used	  in	  each	  reaction	  as	  the	  beads	  have	  
a	  protein	  binding	  capacity	  of	  5-‐10	  mg/mL	  resin.	  We	  estimate	  that	  5	  mg/mL	  of	  enzyme	  is	  
bound	  to	  the	  Ni-‐NTA	  resin.	  

The	  lyophilized	  samples	  were	  dissolved	  in	  water	  and	  purified	  by	  size	  exclusion	  
chromatography.	  Bio-‐Gel	  P-‐2	  size	  exclusion	  columns	  with	  bed	  volumes	  of	  1	  L	  and	  
0.5	  L	  were	  packed	  according	  to	  manufacturer’s	  protocol	  (Table	  3-‐3).	  Elution	  
volumes	  from	  column	  A	  were	  approximately	  5mL,	  and	  UDP-‐GalN	  eluted	  at	  
approximately	  20	  hours.	  The	  purity	  of	  the	  fractions	  was	  determined	  by	  TLC	  analysis	  
visualized	  by	  UV	  and	  p-‐anisaldehyde	  staining	  with	  either	  3:1	  EtOH:10mM	  
tributylammonium	  bicarbonate	  or	  3:1	  EtOH:0.5M	  NH4OAc	  as	  the	  mobile	  phase.	  The	  
fractions	  were	  combined	  based	  on	  purity,	  frozen,	  and	  lyophilized.	  Following	  
lyophilization,	  impure	  fractions	  were	  dissolved	  in	  water,	  loaded	  onto	  column	  B,	  and	  
collected	  in	  2.5	  mL	  fractions.	  Multiple	  rounds	  of	  chromatography	  were	  used	  to	  
improve	  resolution	  of	  UDP-‐GalN	  from	  side	  products	  of	  the	  enzymatic	  synthesis,	  
many	  of	  which	  are	  of	  similar	  molecular	  weight	  to	  UDP-‐GalN.	  This	  procedure	  has	  
been	  carried	  out	  on	  larger	  scales	  of	  up	  to	  2.2	  mmol	  compound	  3.1	  in	  similar	  yields.	  	  
	  

Column	  
Resin	  
volume	  (L)	  

Diameter	  
(cm)	  

Cross	  
sectional	  area	  
(C.S.A.)	  cm2	  

Optimal	  flow	  
rate	  (mL/h)	  

Max	  optimal	  
loading	  
volume	  (mL)	  

A	   1	   5	   19.6	   98.2	   20-‐25	  
B	   0.5	   2.5	   4.9	   24.5	   10-‐15	  

Table	  3-‐3.	  Size	  exclusion	  chromatography	  parameters.	  Optimal	  flow	  rate	  (calculated	  by	  
manufacturer’s	  recommendation	  of	  C.S.A.	  x	  5).	  

3.6.8.4.	  Quantitation	  of	  UDP-‐GalN	  

After	  UDP-‐GalN	  was	  purified	  and	  analyzed	  by	  NMR,	  we	  found	  the	  mass	  of	  inorganic	  
salts	  was	  higher	  than	  expected,	  so	  UV-‐vis	  spectrometry	  was	  used	  to	  obtain	  a	  more	  
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accurate	  yield	  for	  the	  product.	  The	  extinction	  coefficient	  for	  UDP-‐GalN	  has	  not	  been	  
published,	  so	  an	  approximate	  extinction	  coefficient	  of	  UDP-‐GalN	  was	  obtained	  by	  
averaging	  the	  measured	  extinction	  coefficients	  of	  UDP-‐GalNAc,	  UDP-‐Glc,	  and	  UTP	  in	  
water.	  The	  absorbance	  of	  a	  standard	  curve	  with	  known	  concentrations	  of	  each	  
standard	  was	  measured	  at	  260	  nm.	  The	  extinction	  coefficients	  were	  calculated	  and	  
confirmed	  to	  match	  those	  reported	  by	  the	  literature.	  A	  standard	  curve	  of	  UDP-‐GalN	  
by	  mass	  was	  measured	  at	  260	  nm,	  and	  the	  molarity	  of	  these	  solutions	  was	  
extrapolated	  (ε	  =	  9374	  cm-‐1M-‐1).	  The	  approximate	  mass	  of	  UDP-‐GalN	  was	  calculated,	  
and	  approximately	  half	  of	  the	  mass	  of	  the	  sample	  was	  attributed	  to	  inorganic	  salts.	  
	  

	   	  
Figure	  3-‐7.	  Extrapolating	  the	  extinction	  coefficient	  of	  UDP-‐GalN.	  Absorbance	  vs.	  
concentration	  plots	  of	  UDP-‐GalNAc	  (ε	  =	  8939	  cm-‐1	  M-‐1),	  UDP-‐Glc	  (ε	  =	  10466	  cm-‐1	  M-‐1),	  and	  
UTP	  (ε	  =	  8718	  cm-‐1	  M-‐1)	  afforded	  the	  average	  extinction	  coefficient	  of	  9374	  cm-‐1	  M-‐1	  that	  
was	  used	  to	  quantitate	  UDP-‐GalN.	  

UDP-‐galactosamine	  disodium	  salt	  (UDP-‐GalN,	  3.8)	  
The	  protocol	  described	  above	  afforded	  compound	  3.8	  in	  65%	  yield	  (143	  μmol).	  1H	  
NMR	  (400	  MHz,	  Deuterium	  Oxide)	  δ	  7.96	  (d,	  J	  =	  8.1	  Hz,	  1H),	  6.01	  –	  5.96	  (m,	  2H),	  5.77	  
(dd,	  J	  =	  6.6,	  3.5	  Hz,	  1H),	  4.38	  (t,	  J	  =	  4.6	  Hz,	  2H),	  4.33	  –	  4.18	  (m,	  4H),	  4.04	  (d,	  J	  =	  2.9	  Hz,	  
1H),	  3.98	  (dd,	  J	  =	  11.0,	  3.0	  Hz,	  1H),	  3.83	  –	  3.71	  (m,	  2H),	  3.34	  (d,	  J	  =	  11.1	  Hz,	  1H).	  13C	  
NMR	  (101	  MHz,	  Deuterium	  Oxide)	  δ	  166.49,	  151.99,	  141.55,	  93.95	  (d,	  J	  =	  5.5	  Hz),	  
88.59,	  83.02	  (d,	  J	  =	  9.0	  Hz),	  73.70,	  72.21,	  69.55,	  68.04,	  67.44,	  65.06	  (d,	  J	  =	  5.9	  Hz),	  
60.87,	  50.80	  (d,	  J	  =	  8.7	  Hz).	  31P	  NMR	  (162	  MHz,	  Deuterium	  Oxide)	  δ	  -‐11.21	  (d,	  J	  =	  
20.7	  Hz),	  -‐13.18	  (d,	  J	  =	  21.1	  Hz).	  ESI-‐HRMS	  calcd.	  for	  C15H24N3O16P2	  [M	  –	  2	  Na	  +	  H]-‐	  
564.0637,	  found	  564.0627.	  
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3.6.9.	  UDP-‐GalNAc	  analog	  synthesis	  

3.6.9.1.	  Azido	  acids	  

Amino	  acid	  (3.9a	  and	  c-‐g,	  0.8	  mmol),	  K2CO3	  (2.26	  mmol,	  312.35	  mg),	  and	  
CuSO4·5H2O	  (8.0	  µmol,	  2	  mg)	  were	  combined	  in	  a	  dry	  flask	  and	  dissolved	  in	  5	  mL	  
dry	  MeOH.	  Imidizole-‐1-‐sulfonyl-‐azide	  tetrafluoroborate	  salt	  (3.10,	  0.96	  mmol,	  
260.97	  mg)	  was	  added	  incrementally	  over	  1	  min.	  The	  flask	  was	  evacuated	  and	  the	  
pale	  blue	  reaction	  mixture	  was	  stirred	  under	  N2	  at	  rt	  overnight.	  The	  reaction	  
mixture	  was	  evaporated	  to	  dryness	  and	  dissolved	  in	  10-‐15	  mL	  H20.	  1N	  HCl	  was	  
added	  to	  a	  pH	  of	  1-‐2.	  The	  aqueous	  mixture	  was	  extracted	  with	  ethyl	  acetate	  (3	  x	  10	  
mL).	  The	  organic	  extract	  was	  dried	  over	  MgSO4	  and	  evaporated	  to	  dryness	  to	  afford	  
a	  colorless	  to	  pale	  yellow	  oil.	  The	  azido	  acid	  3.11(a	  and	  c-‐g)	  was	  carried	  forward	  
without	  further	  purification.	  
	  
Me(S)	  3.11a	  
The	  azido	  acid	  was	  synthesized	  from	  L-‐alanine.	  1H	  NMR	  (600	  MHz,	  Acetonitrile-‐d3)	  δ	  
4.06	  (q,	  J	  =	  7.1	  Hz,	  1H),	  1.40	  (d,	  J	  =	  7.2	  Hz,	  3H).	  13C	  NMR	  (151	  MHz,	  Acetonitrile-‐d3)	  δ	  
172.91,	  57.89,	  17.09.	  
	  
Et(S)	  3.11c	  
The	  protocol	  described	  above	  was	  followed	  with	  different	  quantities	  of	  starting	  
materials:	  L-‐2-‐aminobutryic	  acid	  (1.16	  mmol,	  119.62	  mg),	  K2CO3	  (3.05	  mmol,	  
421.54	  mg),	  CuSO4·5H2O	  (11.6	  µmol,	  2.90	  mg),	  imidizole-‐1-‐sulfonyl-‐azide	  
tetrafluoroborate	  salt	  (3.10,	  1.392	  mmol,	  363.27	  mg)	  1H	  NMR	  (400	  MHz,	  
Acetonitrile-‐d3)	  δ	  3.95	  (dd,	  J	  =	  7.9,	  5.2	  Hz,	  1H),	  1.91	  –	  1.67	  (m,	  2H),	  0.97	  (t,	  J	  =	  7.4	  Hz,	  
3H).	  13C	  NMR	  (101	  MHz,	  Acetonitrile-‐d3)	  δ	  172.37,	  63.71,	  25.49,	  10.37.	  
	  
Et(R)	  3.11d	  
The	  azido	  acid	  was	  synthesized	  from	  D-‐2-‐aminobutyric	  acid.	  1H	  NMR	  (400	  MHz,	  
Acetonitrile-‐d3)	  δ	  3.95	  (dd,	  J	  =	  7.9,	  5.1	  Hz,	  1H),	  1.91	  –	  1.67	  (m,	  2H),	  0.97	  (t,	  J	  =	  7.4	  Hz,	  
3H).	  13C	  NMR	  (101	  MHz,	  Acetonitrile-‐d3)	  δ	  172.07,	  63.70,	  25.48,	  10.36.	  
	  
Ipr(S)	  3.11e	  
The	  azido	  acid	  was	  synthesized	  from	  L-‐valine.	  1H	  NMR	  (600	  MHz,	  Acetonitrile-‐d3)	  δ	  
3.89	  (d,	  J	  =	  5.3	  Hz,	  1H),	  2.21	  –	  2.12	  (m,	  J	  =	  6.7	  Hz,	  1H),	  0.99	  (d,	  J	  =	  6.8	  Hz,	  3H),	  0.93	  (d,	  
J	  =	  6.8	  Hz,	  3H).	  13C	  NMR	  (151	  MHz,	  Acetonitrile-‐d3)	  δ	  171.76,	  68.40,	  31.50,	  19.62,	  
17.80.	  
	  
betaAla	  3.11f	  
The	  azido	  acid	  was	  synthesized	  from	  beta-‐alanine.	  1H	  NMR	  (400	  MHz,	  Acetonitrile-‐
d3)	  δ	  3.51	  (t,	  J	  =	  6.3	  Hz,	  2H),	  2.54	  (t,	  J	  =	  6.3	  Hz,	  2H).	  13C	  NMR	  (101	  MHz,	  Acetonitrile-‐
d3)	  δ	  172.82,	  47.61,	  33.87.	  
	  
L-‐3-‐butyric	  3.11g	  
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The	  azido	  acid	  was	  synthesized	  from	  L-‐3-‐aminobutyric	  acid.	  1H	  NMR	  (300	  MHz,	  
Acetonitrile-‐d3,	  Reference	  peak	  =	  EtOAc	  chemical	  shift	  in	  CD3CN,	  triplet	  1.20	  ppm)	  δ	  
3.93	  (h,	  J	  =	  6.4	  Hz,	  1H),	  2.56	  –	  2.37	  (m,	  2H),	  1.26	  (d,	  J	  =	  6.5	  Hz,	  3H).	  13C	  NMR	  (75	  MHz,	  
Acetonitrile-‐d3)	  δ	  173.30,	  55.32,	  40.91,	  19.59.	  

3.6.9.2.	  NHS-‐esters	  

NHS	  (0.8	  mmol,	  92.08	  mg)	  and	  azido	  acid	  (3.11a-‐g,	  all	  isolated	  from	  previous	  step,	  
0.8	  mmol	  assuming	  100%	  yield)	  were	  combined	  in	  a	  dry	  flask	  and	  dissolved	  in	  2-‐5	  
mL	  DMF.	  The	  mixture	  was	  cooled	  to	  0	  °C	  in	  an	  ice	  water	  bath	  and	  the	  flask	  was	  
evacuated.	  DCC	  (0.8	  mmol,	  165.06	  mg)	  was	  then	  added	  slowly	  before	  evacuating	  the	  
flask	  and	  allowing	  the	  reaction	  to	  warm	  to	  rt	  overnight	  under	  N2.	  A	  white	  precipitate	  
formed	  approximately	  30	  min	  after	  the	  addition	  of	  DCC.	  The	  reaction	  was	  filtered,	  
washed	  with	  MeCN,	  and	  evaporated	  to	  dryness	  followed	  by	  purification	  by	  C2	  silica	  
gel	  column	  chromatography	  in	  hexanes:	  ethyl	  acetate	  (4:1	  or	  3:1).	  Prior	  to	  loading	  
the	  sample,	  the	  modified	  silica	  was	  washed	  with	  four	  column	  volumes	  of	  the	  mobile	  
phase.	  The	  sample	  was	  loaded	  in	  the	  mobile	  phase	  +	  DCM.	  The	  NHS-‐ester	  (3.12a-‐g)	  
is	  a	  colorless	  to	  light	  yellow	  oil.	  	  
	  
Me(S)	  3.12a	  
The	  yield	  was	  55.6%	  over	  2	  steps	  (0.445	  mmol,	  94.4	  mg).	  1H	  NMR	  (600	  MHz,	  
Acetonitrile-‐d3)	  δ	  4.53	  (q,	  J	  =	  7.1	  Hz,	  1H),	  2.80	  (s,	  4H),	  1.56	  (d,	  J	  =	  7.1	  Hz,	  3H).	  13C	  
NMR	  (151	  MHz,	  Acetonitrile-‐d3)	  δ	  170.60,	  168.36,	  56.42,	  26.40,	  17.29.	  
	  
(MeR)	  3.12b	  
The	  commercial	  (D)	  azidoalanine	  (CHA	  salt,	  Chiralix)	  (1.61	  mmol,	  221.2	  mg)	  was	  
subjected	  to	  a	  sodium	  salt	  exchange	  followed	  by	  an	  acidic	  workup	  where	  it	  was	  
dissolved	  in	  5	  mL	  water	  and	  1M	  HCl	  was	  added	  to	  pH	  1.	  The	  azido	  acid	  was	  then	  
extracted	  with	  anhydrous	  ether	  (3	  x	  5	  mL).	  The	  organic	  layer	  was	  dried	  over	  MgSO4	  
and	  concentrated	  by	  rotary	  evaporation,	  affording	  a	  colorless	  liquid.	  The	  protocol	  
for	  NHS-‐ester	  synthesis	  described	  above	  was	  followed	  with	  different	  quantities	  of	  
starting	  materials:	  NHS	  (1.61	  mmol,	  185.3	  mg),	  azido	  acid	  (1.61	  mmol,	  221.2	  mg),	  
DCC	  (1.61	  mmol,	  332.19	  mg).	  The	  yield	  was	  65.6%	  (1.07	  mmol,	  227.8	  mg).	  1H	  NMR	  
(400	  MHz,	  Acetonitrile-‐d3)	  δ	  4.53	  (q,	  J	  =	  7.1	  Hz,	  1H),	  2.80	  (s,	  4H),	  1.56	  (d,	  J	  =	  7.1	  Hz,	  
3H).	  13C	  NMR	  (101	  MHz,	  Acetonitrile-‐d3)	  δ	  170.58,	  168.29,	  56.37,	  26.36,	  17.26.	  
	  
Et(S)	  3.12c	  
The	  protocol	  described	  above	  was	  followed	  with	  different	  quantities	  of	  starting	  
materials:	  NHS	  (1.16	  mmol,	  133.5	  mg),	  azido	  acid	  (all	  isolated	  from	  previous	  step,	  
1.16	  mmol	  assuming	  100%	  yield),	  DCC	  (1.16	  mmol,	  239.3	  mg).	  201	  mg	  of	  product	  
was	  recovered	  with	  some	  NHS	  contamination,	  and	  the	  yield	  was	  approximated	  by	  
integration	  values	  to	  afford	  a	  53%	  yield	  over	  2	  steps	  (0.62	  mmol).	  1H	  NMR	  (400	  
MHz,	  Acetonitrile-‐d3)	  δ	  4.42	  (dd,	  J	  =	  7.2,	  5.8	  Hz,	  1H),	  2.80	  (s,	  4H),	  2.07	  –	  1.84	  (m,	  2H),	  
1.07	  (t,	  J	  =	  7.4	  Hz,	  3H).	  13C	  NMR	  (101	  MHz,	  Acetonitrile-‐d3)	  δ	  170.65,	  167.79,	  62.03,	  
26.42,	  25.93,	  9.87.	  
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Et(R)	  3.12d	  
The	  yield	  was	  84%	  yield	  over	  2	  steps	  (0.675	  mmol,	  152.7	  mg).	  1H	  NMR	  (400	  MHz,	  
Acetonitrile-‐d3)	  δ	  4.42	  (dd,	  J	  =	  7.2,	  5.8	  Hz,	  1H),	  2.80	  (s,	  4H),	  2.07	  –	  1.84	  (m,	  2H),	  1.07	  
(t,	  J	  =	  7.4	  Hz,	  3H).13C	  NMR	  (101	  MHz,	  Acetonitrile-‐d3)	  δ	  170.65,	  167.79,	  62.03,	  26.42,	  
25.93,	  9.87.	  	  
	  
Ipr(S)	  3.12e	  
The	  yield	  was	  59%	  over	  2	  steps	  (0.47	  mmol,	  114.4	  mg).	  1H	  NMR	  (600	  MHz,	  
Chloroform-‐d)	  δ	  4.07	  –	  4.00	  (m,	  1H),	  2.86	  (s,	  4H),	  2.38	  –	  2.28	  (m,	  J	  =	  6.6	  Hz,	  1H),	  1.11	  
(dd,	  J	  =	  17.3,	  6.8	  Hz,	  6H).	  13C	  NMR	  (151	  MHz,	  Chloroform-‐d)	  δ	  168.62,	  165.87,	  66.18,	  
31.67,	  25.72,	  19.18,	  17.90.	  
	  
betaAla	  3.12f	  
The	  yield	  was	  62.4%	  over	  2	  steps	  (0.50	  mmol,	  105.8	  mg).	  1H	  NMR	  (400	  MHz,	  
Acetonitrile-‐d3)	  δ	  3.66	  (t,	  J	  =	  6.1	  Hz,	  1H),	  2.90	  (t,	  J	  =	  6.2	  Hz,	  1H),	  2.78	  (s,	  2H).	  13C	  NMR	  
(101	  MHz,	  Acetonitrile-‐d3)	  δ	  170.91,	  168.28,	  47.02,	  31.62,	  26.35.	  
	  
L3butyric	  3.12g	  
The	  yield	  was	  67.5%	  over	  2	  steps	  (0.54	  mmol,	  121.8	  mg).	  1H	  NMR	  (400	  MHz,	  
Acetonitrile-‐d3)	  δ	  4.04	  (dq,	  J	  =	  12.1,	  6.3	  Hz,	  1H),	  2.94	  –	  2.68	  (m,	  6H),	  1.35	  (d,	  J	  =	  6.4	  
Hz,	  3H).	  13C	  NMR	  (101	  MHz,	  Acetonitrile-‐d3)	  δ	  170.92,	  167.54,	  54.93,	  38.18,	  26.37,	  
19.37.	  

3.6.9.3.	  UDP-‐GalNAc	  analogs	  

UDP-‐GalN	  (3.8,	  1	  equivalent)	  was	  dissolved	  in	  4-‐6	  mL	  water	  and	  NHS	  ester	  (3.12a-‐
g,	  2	  equivalents)	  in	  0.5	  mL	  MeCN	  was	  added.	  Reaction	  was	  adjusted	  to	  pH	  7.5	  –	  8	  
with	  1	  M	  KOH,	  if	  necessary.	  The	  reaction	  proceeded	  at	  rt	  for	  2	  h	  and	  NHS-‐ester	  
addition	  and	  pH	  adjustment	  were	  repeated	  3	  x	  every	  2	  h	  for	  a	  total	  of	  8	  equivalents	  
of	  NHS-‐ester.	  After	  final	  addition,	  the	  reaction	  proceeded	  at	  rt	  overnight.	  The	  
mixture	  was	  evaporated	  to	  dryness	  and	  a	  crude	  NMR	  was	  used	  to	  approximate	  
product	  conversion.	  The	  mixture	  was	  purified	  by	  size	  exclusion	  chromatography	  in	  
water.	  The	  purity	  of	  the	  fractions	  was	  determined	  by	  TLC	  analysis	  visualized	  by	  UV	  
and	  p-‐anisaldehyde	  staining	  with	  either	  3:1	  EtOH:10mM	  tributylammonium	  
bicarbonate	  or	  3:1	  EtOH:0.5M	  NH4OAc	  as	  the	  mobile	  phase.	  The	  fractions	  were	  
combined	  based	  on	  purity,	  frozen,	  and	  lyophilized	  to	  yield	  a	  white	  powder.	  The	  
purified	  UDP-‐GalNAc	  analog	  (3.13a-‐g)	  was	  quantitated	  by	  absorbance	  
measurements	  at	  260	  nm	  using	  an	  extinction	  coefficient	  of	  9374	  cm-‐1M-‐1	  as	  
described	  for	  UDP-‐GalN	  (3.8).	  
	  
UDP-‐GalNAzMe(S)	  3.13a	  
UDP-‐GalN	  (3.8,	  0.222mmol,	  1	  equivalent)	  was	  dissolved	  in	  12.5	  mL	  water	  and	  NHS	  
ester	  (3.12a,	  0.445	  mmol,	  94.4	  mg,	  2	  equivalents)	  in	  3.5	  mL	  p-‐dioxane	  was	  added.	  
Reaction	  was	  adjusted	  to	  pH	  7.5	  –	  8	  with	  1	  M	  KOH.	  The	  reaction	  proceeded	  at	  rt	  
overnight.	  The	  mixture	  was	  evaporated	  to	  dryness	  and	  a	  crude	  NMR	  was	  used	  to	  
approximate	  product	  conversion.	  The	  mixture	  was	  purified	  by	  size	  exclusion	  
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chromatography	  in	  water.	  The	  purity	  of	  the	  fractions	  was	  determined	  by	  TLC	  
analysis	  visualized	  by	  UV	  and	  p-‐anisaldehyde	  staining	  with	  either	  3:1	  EtOH:10mM	  
tributylammonium	  bicarbonate	  or	  3:1	  EtOH:0.5M	  NH4OAc	  as	  the	  mobile	  phase.	  The	  
fractions	  were	  combined	  based	  on	  purity,	  frozen,	  and	  lyophilized.	  The	  product	  was	  
purified,	  subjected	  to	  sodium	  salt	  exchange,	  lyophilized	  to	  yield	  a	  white	  powder.	  
Some	  fractions	  were	  lost	  during	  purification,	  affording	  analog	  3.13a	  in	  14.7%	  yield	  
(23.1	  mg,	  28%	  conversion	  by	  NMR).	  1H	  NMR	  (400	  MHz,	  Deuterium	  Oxide)	  δ	  7.93	  (d,	  
J	  =	  8.1	  Hz,	  1H),	  6.00	  –	  5.90	  (m,	  2H),	  5.54	  (dd,	  J	  =	  7.0,	  3.4	  Hz,	  1H),	  4.39	  –	  4.31	  (m,	  2H),	  
4.30	  –	  4.12	  (m,	  6H),	  4.07	  –	  3.92	  (m,	  2H),	  3.74	  (h,	  J	  =	  7.0	  Hz,	  2H),	  1.46	  (d,	  J	  =	  7.0	  Hz,	  
3H).	  13C	  NMR	  (101	  MHz,	  Deuterium	  Oxide)	  δ	  174.44,	  166.23,	  151.81,	  141.67,	  102.63,	  
94.70	  (d,	  J	  =	  6.3	  Hz),	  88.50,	  83.22	  (d,	  J	  =	  9.2	  Hz),	  73.79,	  72.12,	  69.67,	  68.51,	  67.50,	  
65.02	  (d,	  J	  =	  5.6	  Hz),	  61.02,	  58.20,	  49.90	  (d,	  J	  =	  8.4	  Hz),	  16.89.	  31P	  NMR	  (243	  MHz,	  
Deuterium	  Oxide)	  δ	  -‐11.27	  (d,	  J	  =	  19.9	  Hz),	  -‐13.07	  (d,	  J	  =	  19.8	  Hz).	  ESI-‐HRMS	  calcd.	  
for	  C18H27N6O17P2	  [M	  –	  2	  Na	  +	  H]-‐	  661.0913,	  found	  661.0897.	  
	  
UDP-‐GalNAzMe(R)	  3.13b	  
The	  protocol	  described	  above	  was	  followed	  with	  the	  following	  modifications:	  a	  
single	  addition	  of	  10	  equivalents	  of	  NHS-‐ester	  (3.12b,	  1.07	  mmol,	  227.8	  mg)	  in	  1.5	  
mL	  MeCN,	  UDP-‐GalN	  (3.8,	  0.107	  mmol),	  and	  the	  reaction	  was	  allowed	  to	  stir	  at	  rt	  
overnight.	  The	  product	  was	  purified,	  subjected	  to	  sodium	  salt	  exchange,	  lyophilized	  
to	  yield	  a	  white	  powder,	  and	  quantitated	  as	  above.	  Analog	  3.13b	  was	  afforded	  in	  
15.7%	  yield	  (16.8	  μmol,	  34%	  conversion	  by	  NMR).	  1H	  NMR	  (400	  MHz,	  Deuterium	  
Oxide)	  δ	  7.93	  (d,	  J	  =	  8.1	  Hz,	  1H),	  5.98	  –	  5.90	  (m,	  2H),	  5.52	  (dd,	  J	  =	  7.1,	  3.5	  Hz,	  1H),	  
4.37	  –	  4.31	  (m,	  2H),	  4.21	  (dddd,	  J	  =	  25.1,	  11.7,	  7.3,	  4.3	  Hz,	  6H),	  4.04	  –	  3.93	  (m,	  2H),	  
3.78	  –	  3.67	  (m,	  2H),	  1.46	  (d,	  J	  =	  7.0	  Hz,	  3H).13C	  NMR	  (101	  MHz,	  Deuterium	  Oxide)	  δ	  
174.29,	  166.35,	  151.94,	  141.82,	  102.77,	  94.64	  (d,	  J	  =	  6.1	  Hz),	  88.66,	  83.34	  (d,	  J	  =	  9.1	  
Hz),	  73.89,	  72.21,	  69.77,	  68.54,	  67.50,	  65.11	  (d,	  J	  =	  4.5	  Hz),	  61.14,	  58.38,	  50.09	  (d,	  J	  =	  
8.0	  Hz),	  16.61.	  31P	  NMR	  (162	  MHz,	  Deuterium	  Oxide)	  δ	  -‐11.36	  (d,	  J	  =	  21.0	  Hz),	  -‐13.09	  
(d,	  J	  =	  21.2	  Hz).	  ESI-‐HRMS	  calcd.	  for	  C18H27N6O17P2	  [M	  –	  2	  Na	  +	  H]-‐	  661.0913,	  found	  
661.0893.	  
	  
UDP-‐GalNAzEt(S)	  3.13c	  
The	  protocol	  described	  above	  was	  followed	  with	  different	  quantities	  of	  starting	  
materials:	  UDP-‐GalN	  (3.8,	  0.078	  mmol),	  NHS	  ester	  (3.12c,	  approximately	  0.62	  
mmol).	  Analog	  3.13c	  was	  afforded	  in	  34.7%	  yield	  (27.0	  μmol,	  50%	  conversion	  by	  
NMR).	  1H	  NMR	  (400	  MHz,	  Deuterium	  Oxide)	  δ	  7.98	  (d,	  J	  =	  8.1	  Hz,	  1H),	  6.03	  –	  5.96	  
(m,	  2H),	  5.59	  (dd,	  J	  =	  6.9,	  3.4	  Hz,	  1H),	  4.42	  –	  4.36	  (m,	  2H),	  4.36	  –	  4.18	  (m,	  5H),	  4.15	  
(t,	  J	  =	  6.7	  Hz,	  1H),	  4.06	  (d,	  J	  =	  2.9	  Hz,	  1H),	  4.00	  (dd,	  J	  =	  10.9,	  3.1	  Hz,	  1H),	  3.79	  (h,	  J	  =	  
6.8	  Hz,	  2H),	  1.95	  –	  1.78	  (m,	  J	  =	  6.9	  Hz,	  2H),	  1.00	  (t,	  J	  =	  7.4	  Hz,	  3H).	  13C	  NMR	  (101	  
MHz,	  Deuterium	  Oxide)	  δ	  173.57,	  166.23,	  151.81,	  141.68,	  102.62,	  94.79	  (d,	  J	  =	  6.2	  
Hz),	  88.50,	  83.22	  (d,	  J	  =	  9.0	  Hz),	  73.79,	  72.10,	  69.66,	  68.57,	  67.48,	  65.02	  (d,	  J	  =	  5.2	  
Hz),	  64.00,	  61.01,	  49.88	  (d,	  J	  =	  8.5	  Hz),	  25.10.	  31P	  NMR	  (162	  MHz,	  Deuterium	  Oxide)	  
δ	  -‐11.16	  (d,	  J	  =	  21.0	  Hz),	  -‐13.01	  (d,	  J	  =	  20.9	  Hz).	  ESI-‐HRMS	  calcd.	  for	  C19H29N6O17P2	  
[M	  –	  2	  Na	  +	  H]-‐	  675.1070,	  found	  675.1049.	  
	  
UDP-‐GalNAzEt(R)	  3.13d	  
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The	  protocol	  described	  above	  was	  followed	  with	  different	  quantities	  of	  starting	  
materials:	  UDP-‐GalN	  (3.8,	  0.084	  mmol),	  NHS-‐ester	  (3.12d,	  0.675	  mmol).	  Analog	  
3.13d	  was	  afforded	  in	  23.8%	  yield	  (20.0	  μmol,	  61%	  conversion	  by	  NMR).1H	  NMR	  
(400	  MHz,	  Deuterium	  Oxide)	  δ	  7.94	  (d,	  J	  =	  8.1	  Hz,	  1H),	  5.95	  (d,	  J	  =	  8.1	  Hz,	  2H),	  5.53	  
(dd,	  J	  =	  6.7,	  3.4	  Hz,	  1H),	  4.34	  (t,	  J	  =	  4.8	  Hz,	  2H),	  4.28	  –	  4.24	  (m,	  2H),	  4.23	  –	  4.16	  (m,	  
3H),	  4.04	  (t,	  J	  =	  6.6	  Hz,	  2H),	  3.98	  (dd,	  J	  =	  10.9,	  3.0	  Hz,	  1H),	  3.74	  (p,	  J	  =	  6.4,	  5.4	  Hz,	  2H),	  
1.83	  (ddp,	  J	  =	  28.4,	  14.3,	  6.9	  Hz,	  2H),	  0.96	  (t,	  J	  =	  7.4	  Hz,	  3H).	  13C	  NMR	  (101	  MHz,	  
Deuterium	  Oxide)	  δ	  173.46,	  166.29,	  151.85,	  141.69,	  102.65,	  94.66	  (d,	  J	  =	  6.4	  Hz),	  
88.50,	  83.22	  (d,	  J	  =	  9.2	  Hz),	  73.77,	  72.04,	  69.64,	  68.41,	  67.37,	  64.96	  (d,	  J	  =	  5.5	  Hz),	  
64.14,	  60.96,	  49.96	  (d,	  J	  =	  8.8	  Hz),	  24.74,	  9.33.	  31P	  NMR	  (162	  MHz,	  Deuterium	  Oxide)	  
δ	  -‐11.34	  (d,	  J	  =	  21.3	  Hz),	  -‐13.20	  (d,	  J	  =	  21.1	  Hz).	  ESI-‐HRMS	  calcd.	  for	  C19H29N6O17P2	  
[M	  –	  2	  Na	  +	  H]-‐	  675.1070,	  found	  675.1056.	  
	  
UDP-‐GalNAzIpr(S)	  3.13e	  
UDP-‐GalN	  (3.8,	  0.235	  mmol,	  1	  equivalent)	  was	  dissolved	  in	  15	  mL	  water	  and	  NHS	  
ester	  (3.12e,	  0.47	  mmol,	  114.4	  mg,	  2	  equivalents)	  in	  5	  mL	  THF	  was	  added.	  Reaction	  
was	  adjusted	  to	  pH	  7.5	  –	  8	  with	  1	  M	  HCl.	  The	  reaction	  proceeded	  at	  rt	  for	  1	  h	  and	  the	  
reaction	  was	  adjusted	  to	  pH	  7.5	  –	  8	  with	  1	  M	  KOH.	  The	  reaction	  proceeded	  at	  rt	  
overnight.	  The	  mixture	  was	  evaporated	  to	  dryness	  and	  a	  crude	  NMR	  was	  used	  to	  
approximate	  product	  conversion.	  The	  mixture	  was	  dissolved	  in	  water	  and	  extracted	  
2	  x	  with	  EtOAc,	  the	  aqueous	  portion	  was	  evaporated	  to	  dryness,	  and	  the	  mixture	  
was	  purified	  by	  size	  exclusion	  chromatography	  in	  water.	  The	  purity	  of	  the	  fractions	  
was	  determined	  by	  TLC	  analysis	  visualized	  by	  UV	  and	  p-‐anisaldehyde	  staining	  with	  
either	  3:1	  EtOH:10mM	  tributylammonium	  bicarbonate	  or	  3:1	  EtOH:0.5M	  NH4OAc	  as	  
the	  mobile	  phase.	  The	  fractions	  were	  combined	  based	  on	  purity,	  frozen,	  and	  
lyophilized	  to	  yield	  a	  white	  powder.	  3.13e	  was	  quantitated	  by	  absorbance	  
measurements	  at	  260	  nm	  using	  an	  extinction	  coefficient	  of	  9374	  cm-‐1M-‐1	  as	  
described	  for	  UDP-‐GalN.	  Some	  fractions	  were	  lost	  during	  purification,	  affording	  
analog	  3.13e	  in	  13.7%	  yield	  (32.3	  μmol,	  23%	  conversion	  by	  NMR).	  1H	  NMR	  (600	  
MHz,	  Deuterium	  Oxide)	  δ	  8.02	  (d,	  J	  =	  7.8	  Hz,	  1H),	  6.04	  (d,	  J	  =	  7.7	  Hz,	  2H),	  5.66	  –	  5.61	  
(m,	  1H),	  4.44	  (s,	  2H),	  4.41	  –	  4.25	  (m,	  5H),	  4.11	  (s,	  1H),	  4.04	  (d,	  J	  =	  10.9	  Hz,	  1H),	  3.99	  
(d,	  J	  =	  6.8	  Hz,	  1H),	  3.86	  –	  3.79	  (m,	  2H),	  2.20	  (dq,	  J	  =	  13.3,	  6.7	  Hz,	  1H),	  1.06	  (dd,	  J	  =	  
12.6,	  6.6	  Hz,	  6H).	  31P	  NMR	  (243	  MHz,	  Deuterium	  Oxide)	  δ	  -‐11.21	  (d,	  J	  =	  21.0	  Hz),	  -‐
13.12	  (d,	  J	  =	  20.4	  Hz).	  ESI-‐HRMS	  calcd.	  for	  C20H31N6O17P2	  [M	  –	  2	  Na	  +	  H]-‐	  689.1226,	  
found	  689.1221.	  
	  
UDP-‐GalNAz-‐betaAla	  3.13f	  
The	  protocol	  described	  above	  was	  followed	  with	  different	  quantities	  of	  starting	  
materials:	  UDP-‐GalN	  (3.8,	  0.062	  mmol),	  NHS-‐ester	  (3.12f,	  0.50	  mmol,	  105.8	  mg).	  
Analog	  3.13f	  was	  afforded	  in	  84.4%	  yield	  (52.3	  μmol,	  100%	  conversion	  by	  NMR).	  1H	  
NMR	  (400	  MHz,	  Deuterium	  Oxide)	  δ	  7.95	  (d,	  J	  =	  8.1	  Hz,	  1H),	  6.01	  –	  5.91	  (m,	  2H),	  5.55	  
(dd,	  J	  =	  6.7,	  3.2	  Hz,	  1H),	  4.35	  (p,	  J	  =	  5.3	  Hz,	  2H),	  4.32	  –	  4.12	  (m,	  5H),	  4.03	  (d,	  J	  =	  2.9	  
Hz,	  1H),	  3.96	  (dd,	  J	  =	  10.9,	  3.1	  Hz,	  1H),	  3.76	  (h,	  J	  =	  6.9	  Hz,	  2H),	  3.60	  (t,	  J	  =	  6.4	  Hz,	  2H),	  
2.65	  (td,	  J	  =	  6.4,	  4.1	  Hz,	  2H).	  13C	  NMR	  (101	  MHz,	  Deuterium	  Oxide)	  δ	  174.28,	  166.19,	  
151.76,	  141.65,	  102.60,	  94.70	  (d,	  J	  =	  6.3	  Hz),	  88.52,	  83.16	  (d,	  J	  =	  9.0	  Hz),	  73.75,	  72.07,	  
69.62,	  68.41,	  67.60,	  64.99	  (d,	  J	  =	  5.0	  Hz),	  61.02,	  49.74	  (d,	  J	  =	  8.1	  Hz),	  47.07,	  34.84.	  31P	  
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NMR	  (162	  MHz,	  Deuterium	  Oxide)	  δ	  -‐11.21,	  -‐12.84.	  ESI-‐HRMS	  calcd.	  for	  
C18H27N6O17P2	  [M	  –	  2	  Na	  +	  H]-‐	  661.0913,	  found	  661.0891.	  
	  
UDP-‐GalNAz-‐L3buytric	  3.13g	  	  
The	  protocol	  described	  above	  was	  followed	  with	  different	  quantities	  of	  starting	  
materials:	  UDP-‐GalN	  (3.8,	  0.067	  mmol),	  NHS-‐ester	  (3.12g,	  0.54	  mmol,	  121.8	  mg).	  
Analog	  3.13g	  was	  afforded	  in	  79.6%	  yield	  (53.3	  μmol,	  100%	  conversion	  by	  NMR).	  
1H	  NMR	  (400	  MHz,	  Deuterium	  Oxide)	  δ	  7.97	  –	  7.89	  (m,	  1H),	  5.94	  (d,	  J	  =	  7.2	  Hz,	  2H),	  
5.55	  –	  5.48	  (m,	  1H),	  4.33	  (s,	  2H),	  4.22	  (dd,	  J	  =	  26.3,	  7.9	  Hz,	  5H),	  4.01	  (s,	  1H),	  3.95	  (t,	  J	  
=	  10.8	  Hz,	  2H),	  3.74	  (d,	  J	  =	  7.0	  Hz,	  2H),	  2.53	  (d,	  J	  =	  6.5	  Hz,	  2H),	  1.27	  (d,	  J	  =	  6.2	  Hz,	  3H).	  
13C	  NMR	  (101	  MHz,	  Deuterium	  Oxide)	  δ	  173.92,	  166.21,	  151.76,	  141.65,	  102.60,	  
94.65	  (d,	  J	  =	  5.7	  Hz),	  88.47,	  83.15	  (d,	  J	  =	  10.0	  Hz),	  73.74,	  72.05,	  69.61,	  68.40,	  67.49,	  
64.96	  (d,	  J	  =	  4.8	  Hz),	  61.00,	  54.97,	  49.74	  (d,	  J	  =	  7.6	  Hz),	  41.99,	  18.59.	  31P	  NMR	  (162	  
MHz,	  Deuterium	  Oxide)	  δ	  -‐11.34	  (d,	  J	  =	  21.0	  Hz),	  -‐12.99	  (d,	  J	  =	  21.0	  Hz).	  ESI-‐HRMS	  
calcd.	  for	  C19H29N6O17P2	  [M	  –	  2	  Na	  +	  H]-‐	  675.1070,	  found	  675.1051.	  
	  



	   83	  

Chapter	  4. Evaluating	  bump-‐hole	  pairs	  

4.1.	  Screening	  methodologies	  

Quantitation	  of	  glycosylation	  efficiency	  across	  a	  large	  number	  of	  enzyme-‐substrate	  
pairs	  requires	  a	  robust	  screening	  methodology.	  The	  screen	  should	  be	  sensitive	  
enough	  to	  detect	  low	  levels	  of	  glycosylation	  such	  that	  enzyme-‐substrate	  pairs	  with	  
low	  activity	  can	  still	  be	  detected.	  In	  order	  to	  distinguish	  excellent	  enzyme-‐substrate	  
pairs	  from	  good	  enzyme-‐substrate	  pairs,	  the	  screen	  should	  have	  a	  broad	  detection	  
range	  over	  which	  signal	  saturation	  is	  not	  an	  issue.	  An	  ideal	  assay	  monitors	  the	  
product	  of	  interest—the	  glycopeptide—directly,	  to	  most	  accurately	  reflect	  the	  
formation	  of	  the	  desired	  product.	  Finally,	  the	  screen	  should	  have	  a	  high	  throughput	  
to	  enable	  screening	  of	  all	  combinations	  of	  enzyme-‐substrate	  pairs	  with	  replicates	  in	  
a	  discrete	  period	  of	  time.	  
	  
Many	  biochemical	  screens	  for	  enzymatic	  activity	  are	  carried	  out	  in	  vitro	  to	  minimize	  
sample	  complexity	  and	  to	  facilitate	  analysis.	  Early	  biochemical	  screens	  for	  
glycosyltransferase	  activity	  were	  low	  throughput	  and	  used	  chromatography	  to	  
monitor	  the	  formation	  of	  a	  desired	  product.	  Peptide	  glycosylation	  has	  been	  
quantitated	  previously	  with	  the	  application	  of	  UDP-‐[14C]-‐GalNAc	  to	  transferase	  
reactions,	  which	  was	  then	  separated	  from	  [14C]-‐labeled	  glycopeptides	  by	  high	  
performance	  liquid	  chromatography	  (HPLC)134,141,186.	  If	  the	  product	  can	  be	  detected	  
with	  antibodies	  or	  another	  affinity	  handle,	  a	  high-‐throughput	  Enzyme-‐Linked	  
Immunosorbent	  Assay	  (ELISA)	  can	  be	  powerful.	  Phosphorylation	  is	  a	  common	  post-‐
translational	  modification	  that	  has	  been	  studied	  in	  a	  variety	  of	  contexts	  using	  
phosphospecific	  antibodies.	  Because	  there	  are	  not	  any	  antibodies	  appropriate	  for	  O-‐
GalNAc	  glycosylation,	  an	  ELISA	  format	  that	  takes	  advantage	  of	  the	  azide-‐chemical	  
handle	  for	  glycopeptide	  detection	  was	  developed80.	  Our	  results	  using	  the	  azido-‐
ELISA	  are	  presented	  later	  in	  this	  chapter.	  However,	  the	  azido-‐ELISA	  is	  labor	  
intensive	  and	  suffers	  from	  high	  variability	  across	  replicates,	  making	  is	  less	  desirable	  
than	  traditional	  antibody-‐based	  sandwich	  ELISAs.	  Because	  many	  post-‐translational	  
modifications	  are	  difficult	  to	  detect,	  classes	  of	  enzymes	  that	  modify	  proteins	  tend	  to	  
experience	  challenges	  similar	  to	  glycosyltransferases.	  Recent	  studies	  of	  protein	  
methyl	  transferase	  substrate	  specificity	  and	  enzymatic	  activity	  have	  utilized	  Matrix-‐
Assisted	  Laser	  Desorption/Ionization	  (MALDI)	  mass	  spectrometry	  to	  screen	  
reaction	  progress109.	  Although	  we	  evaluated	  MALDI	  for	  this	  purpose,	  we	  found	  it	  to	  
have	  poor	  reproducibility,	  making	  it	  undesirable	  for	  a	  quantitation-‐based	  assay.	  	  
	  
Screens	  for	  enzymatic	  activity	  can	  be	  carried	  out	  in	  the	  context	  of	  more	  complex	  
biological	  samples	  if	  appropriate	  antibodies	  or	  other	  affinity	  tools	  for	  product	  
detection	  are	  available.	  Whole	  proteins	  or	  lysates	  can	  be	  separated	  by	  SDS-‐PAGE	  
and	  probed	  for	  the	  presence	  of	  a	  particular	  epitope	  by	  western	  blot.	  Due	  to	  the	  
widespread	  availability	  and	  robustness	  of	  phosphospecific	  antibodies,	  it	  has	  been	  
possible	  to	  identify	  many	  phosphorylated	  proteins	  in	  this	  fashion167.	  Because	  
adequate	  antibodies	  to	  detect	  O-‐GalNAc	  glycosylation	  are	  not	  available,	  GalNAc	  
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glycosylation	  can	  instead	  be	  monitored	  using	  chemical	  tags	  that	  allow	  the	  ligation	  of	  
small	  molecules	  such	  as	  biotin	  that	  can	  be	  visualized	  with	  an	  antibody47,80.	  	  

4.2.	  Screen	  enzyme-‐substrate	  pair	  with	  a	  model	  peptide	  substrate	  

4.2.1.	  UDP	  detection	  assay	  

Our	  initial	  efforts	  to	  confirm	  activity	  of	  purified	  ppGalNAcTs	  used	  a	  colorimetric	  
assay	  that	  can	  be	  carried	  out	  in	  a	  96-‐well	  plate	  format.	  The	  formation	  of	  the	  side	  
product	  UDP	  is	  monitored	  in	  this	  coupled	  enzyme	  assay.	  This	  assay	  relies	  on	  a	  
nucleotidease	  that	  breaks	  UDP	  to	  UMP	  and	  inorganic	  phosphate.	  The	  inorganic	  
phosphate	  is	  detected	  with	  the	  small	  molecule	  malachite	  green.	  We	  used	  a	  
commercially	  available	  kit	  from	  Pierce	  that	  has	  been	  evaluated	  for	  several	  
glycosyltransferase	  targets187.	  We	  evaluated	  the	  activity	  of	  the	  purified	  soluble	  
domains	  of	  wildtype	  and	  mutant	  ppGalNAcT2	  using	  UDP-‐GalNAc	  as	  the	  donor	  sugar	  
and	  biotinylated	  EA2	  peptide	  (PTTDSTTPAPTTK)	  as	  the	  acceptor.	  
	  

	  
Figure	  4-‐1.	  Malachite	  green	  assay	  to	  detect	  enzyme	  activity	  with	  UDP-‐GalNAc.	  

In	  this	  assay,	  we	  used	  a	  sub-‐saturating	  concentration	  of	  EA2	  (50	  μM)	  and	  we	  
titrated	  the	  UDP	  sugar	  from	  7.8-‐500	  μM,	  spanning	  a	  range	  of	  concentrations	  around	  
KM	  reported	  for	  the	  wildtype	  enzyme	  (25	  μM)80.	  The	  reaction	  was	  carried	  out	  for	  
two	  hours	  such	  that	  approximately	  10-‐20%	  product	  formation	  occurred.	  Relative	  to	  
the	  wildtype	  enzyme,	  the	  I253A	  and	  L310A	  mutants	  were	  less	  active,	  although	  they	  
still	  achieved	  good	  substrate	  turnover.	  In	  contrast	  the	  F361	  mutants	  and	  the	  
I253A/L310A	  double	  mutant	  performed	  comparably	  to	  the	  mock-‐transfected	  
enzyme	  sample.	  	  
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Figure	  4-‐2.	  I253A	  and	  L310A	  show	  reduced	  activity	  with	  UDP-‐GalNAc	  compared	  to	  the	  
wildtype	  enzyme.	  Reactions	  contained	  50	  µM	  EA2-‐biotin	  (5	  mM	  stock	  in	  PBS),	  a	  two-‐fold	  
dilution	  series	  of	  UDP-‐GalNAc	  from	  500	  µM	  –	  37.81	  µM	  (5	  mM	  stock	  diluted	  in	  water),	  and	  
25	  µL	  purified	  ppGalNAcT2.	  Reaction	  proceeded	  2	  h	  at	  37	  °C.	  

These	  results	  suggest	  that	  differential	  ppGalNAcT	  activity	  is	  due	  changes	  in	  the	  
active	  site	  residues,	  and	  that	  construct	  design,	  expression,	  and	  purification	  result	  in	  
active	  enzymes.	  However,	  our	  efforts	  to	  continue	  these	  experiments	  with	  UDP-‐
GalNAc	  analogs	  were	  unsuccessful.	  When	  we	  repeated	  these	  experiments	  with	  UDP-‐
GalNAc	  analogs,	  the	  signal	  increased	  relatively	  linearly	  independent	  of	  enzyme	  
sample	  and	  with	  a	  dependence	  on	  UDP-‐GalNAc	  analog	  concentration.	  This	  
suggested	  an	  unknown	  interfering	  substance	  might	  be	  in	  the	  samples	  of	  UDP-‐
GalNAc	  analogs	  tested.	  The	  UDP-‐GalNAc	  analogs	  could	  be	  contaminated	  with	  trace	  
amounts	  of	  UDP	  or	  inorganic	  phosphate	  that	  were	  not	  detected	  by	  NMR.	  UDP	  was	  
not	  observed	  by	  1H	  or	  31P	  NMR,	  and	  inorganic	  phosphate	  was	  not	  detected	  by	  31P	  
NMR.	  Experiments	  without	  nucleotidease	  demonstrated	  some	  signal	  increase	  that	  
was	  dependent	  on	  UDP-‐sugar	  concentration,	  implying	  that	  UDP	  alone	  cannot	  be	  the	  
contaminant.	  Finally,	  it	  is	  possible	  that	  the	  nucleotidease-‐dependent	  portion	  of	  
signal	  increase	  could	  demonstrate	  increased	  lability	  of	  the	  UDP-‐GalNAc	  analogs	  
relative	  to	  UDP-‐GalNAc.	  Based	  on	  the	  known	  routes	  of	  UDP-‐sugar	  hydrolysis,	  there	  
is	  no	  reason	  to	  believe	  that	  the	  modifications	  to	  the	  N-‐acyl	  side	  chain	  would	  make	  
the	  UDP-‐sugar	  more	  unstable188-‐192.	  Finally,	  we	  have	  never	  confirmed	  the	  presence	  
of	  any	  contaminants	  that	  explain	  this	  background	  signal,	  nor	  has	  there	  been	  any	  
evidence	  of	  decreased	  stability	  of	  the	  UDP-‐GalNAc	  analogs	  in	  our	  other	  assays.	  The	  
malachite	  green	  was	  a	  useful	  assay	  for	  determining	  successful	  enzyme	  preparation	  
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in	  a	  relatively	  high	  throughput	  fashion,	  but	  it	  was	  not	  used	  further	  as	  a	  screening	  
methodology	  for	  a	  bump	  hole	  pair.	  

4.2.2.	  Azido	  ELISA	  

We	  next	  sought	  to	  evaluate	  azido-‐ELISA	  as	  a	  technique	  for	  high	  throughput	  
screening	  of	  enzyme	  substrate	  pairs.	  In	  the	  azido-‐ELISA,	  glycosylation	  of	  the	  
biotinylated	  EA2	  is	  detected	  based	  on	  the	  presence	  of	  an	  azidosugar	  (Figure	  4-‐3)80.	  
Bertozzi	  and	  coworkers	  have	  previously	  used	  this	  assay	  to	  screen	  ppGalNAcT	  
isoforms	  for	  activity	  with	  UDP-‐GalNAz,	  so	  it	  should	  be	  equally	  efficacious	  when	  
screening	  T2	  mutants	  and	  other	  UDP-‐GalNAc	  analogs6,80.	  Our	  initial	  work	  replicated	  
published	  azido-‐ELISA	  assays	  with	  UDP-‐GalNAz	  and	  purified	  wildtype	  hT2	  provided	  
by	  the	  Tabak	  lab	  (data	  not	  shown)6,80.	  For	  our	  bump-‐hole	  screening,	  as	  described	  in	  
Chapter	  2,	  we	  generated	  soluble	  wildtype	  and	  mutant	  ppGalNAcT2,	  which	  was	  
purified	  by	  immunoprecipitation.	  
	  

	  
Figure	  4-‐3.	  Azido-‐ELISA	  to	  screen	  ppGalNAcT2	  mutants	  and	  UDP-‐GalNAc	  analogs.	  The	  
azidosugar	  and	  phosphine	  probe	  undergo	  the	  Staudinger	  Ligation,	  enabling	  subsequent	  
detection	  with	   α-‐FLAG-‐HRP.	  
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We	  did	  not	  evaluate	  UDP-‐GalNAc	  in	  this	  assay	  because	  an	  azide	  handle	  is	  required	  to	  
achieve	  signal.	  We	  used	  UDP-‐GalNAz	  as	  the	  first	  substrate	  because	  there	  are	  already	  
parameters	  using	  this	  assay	  that	  have	  been	  previously	  published80.	  Bump-‐hole	  
activity	  was	  monitored	  under	  sub-‐saturating	  concentration	  of	  EA2	  (50	  μM),	  and	  we	  
titrated	  the	  UDP	  sugar	  from	  3.9-‐250	  μM,	  spanning	  a	  range	  of	  concentrations	  around	  
KM	  reported	  for	  the	  wildtype	  enzyme	  (25	  μM)80.	  	  
	  
In	  contrast	  to	  the	  results	  with	  UDP-‐GalNAc	  in	  the	  malachite	  green	  assay,	  when	  UDP-‐
GalNAz	  was	  the	  substrate,	  the	  activities	  of	  the	  wildtype,	  I253A	  mutant,	  and	  L310A	  
mutant	  were	  comparable.	  This	  suggested	  a	  decrease	  in	  wildtype	  activity	  relative	  to	  
the	  activity	  of	  these	  two	  mutants.	  Most	  interestingly,	  we	  saw	  that	  with	  UDP-‐GalNAz,	  
the	  double	  mutant	  recovered	  some	  activity.	  This	  suggested	  that	  the	  double	  mutant	  
was	  already	  demonstrating	  a	  property	  of	  partial	  orthogonality,	  given	  that	  it	  was	  
inactive	  with	  the	  native	  substrate	  UDP-‐GalNAc	  but	  was	  more	  active	  with	  the	  
enlarged	  substrate	  UDP-‐GalNAz.	  However,	  because	  UDP-‐GalNAz	  itself	  is	  not	  an	  
orthogonal	  substrate	  to	  the	  wildtype	  ppGalNAcTs,	  we	  need	  to	  identify	  other	  
substrates	  with	  which	  the	  double	  mutant	  is	  active.	  At	  this	  point	  we	  decided	  that	  in	  
spite	  of	  our	  efforts	  to	  optimize	  the	  azido-‐ELISA,	  the	  large	  variation	  across	  replicates	  
made	  it	  difficult	  to	  compare	  the	  relative	  activities	  of	  bump	  hole	  pairs.	  
	  

	  
Figure	  4-‐4.	  UDP-‐GalNAz	  activity	  with	  hT2	  mutants.	  Activity	  of	  I253A	  and	  L310A	  is	  
similar	  to	  that	  of	  the	  WT	  enzyme.	  As	  compared	  to	  activity	  with	  UDP-‐GalNAc,	  I253A/L310A	  
activity	  is	  partially	  rescued	  by	  UDP-‐GalNAz.	  Glycosylation	  reactions	  contained	  50	  µM	  EA2-‐
biotin,	  a	  two-‐fold	  dilution	  series	  of	  UDP-‐GalNAz	  from	  250	  µM	  –	  3.91	  µM,	  and	  2	  µL	  purified	  
ppGalNAcT.	  Reactions	  proceeded	  for	  1	  h	  37	  °C.	  
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The	  major	  challenge	  of	  using	  the	  azido-‐ELISA	  in	  a	  screening	  context	  is	  to	  achieve	  a	  
signal	  to	  noise	  ratio	  with	  which	  differences	  in	  enzyme	  activity	  can	  be	  detected.	  
Although	  the	  assay	  is	  currently	  colorimetric	  (abs	  =	  450	  nm),	  using	  a	  fluorescent	  or	  
luminescent	  probe	  could	  improve	  the	  assay’s	  sensitivity	  and	  dynamic	  range193.	  One	  
possible	  modification	  is	  to	  use	  an	  α-‐FLAG	  antibody	  conjugated	  to	  alkaline	  
phosphatase	  with	  the	  commercial	  substrate	  4-‐methylumbelliferyl	  phosphate.	  Upon	  
hydrolysis	  to	  4-‐methylumbelliferone,	  detection	  is	  achieved	  via	  excitation	  at	  360	  nm	  
and	  measurement	  of	  emission	  at	  440	  nm193.	  

4.2.3.	  LS-‐MS	  assay	  

Ultimately,	  we	  chose	  to	  use	  the	  moderate	  throughput	  achievable	  from	  a	  LC-‐MS	  
assay.	  Expected	  product	  formation	  on	  the	  order	  of	  picomoles	  to	  one	  nanomole	  
necessitated	  the	  use	  of	  a	  high	  sensitivity	  instrument.	  Using	  an	  LTQ	  mass	  
spectrometer	  equipped	  with	  an	  autosampler	  and	  nanoflow	  chromatography,	  we	  
developed	  an	  assay	  with	  excellent	  sensitivity	  that	  allows	  us	  to	  compare	  levels	  of	  
starting	  material	  relative	  to	  product.	  Initial	  experiments	  were	  carried	  out	  using	  an	  
Orbitrap	  mass	  spectrometer	  by	  Dr.	  Anthony	  Iavarone.	  	  
	  
Consistent	  with	  results	  observed	  with	  the	  UDP-‐detection	  assay	  and	  the	  azido-‐ELISA,	  
we	  found	  that	  the	  F361A	  and	  F361S	  mutants	  did	  not	  demonstrate	  activity.	  This	  
assay	  was	  carried	  out	  with	  purified	  samples	  from	  mock-‐transfected	  cells,	  and	  no	  
glycopeptide	  was	  observed	  from	  these	  samples	  or	  from	  the	  F361	  mutant	  samples.	  
We	  also	  saw	  minimal	  activity	  with	  compound	  3.13e,	  UDP-‐GalNAzIpr(S),	  which	  only	  
produced	  detectable	  amounts	  of	  glycopeptide	  when	  used	  at	  saturating	  
concentrations	  with	  the	  double	  mutant	  (Figure	  4-‐5).	  	  
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Figure	  4-‐5.	  Mass	  spectrometry	  analysis	  of	  enzyme-‐substrate	  activity.	  WT	  and	  mutant	  
enzymes	  I253A,	  L310A,	  and	  I253A/L310A	  were	  screened	  against	  UDP-‐GalNAc,	  GalNAz,	  
GalNAzMe(S),	  and	  GalNAzIpr(S).	  Reactions	  (in	  25	  mM	  Tris	  pH	  7.5,	  10	  mM	  CaCl2,10	  mM	  
MnCl2,	  50	  μL	  final	  reaction	  volume)	  contained	  ppGalNAcT2	  (25	  μL	  enzyme),	  saturating	  UDP-‐
sugar	  (500	  μM),	  and	  EA2	  acceptor	  peptide	  (50	  μM).	  Glycosylation	  proceeded	  for	  2	  h,	  
reactions	  were	  quenched	  with	  50	  μL	  2%	  formic	  acid,	  and	  %	  glycopeptide	  was	  analyzed	  by	  
LC-‐MS	  with	  an	  Orbitrap	  mass	  spectrometer.	  Data	  were	  not	  normalized	  for	  enzyme	  
concentration,	  so	  WT	  and	  mutant	  enzymatic	  activity	  cannot	  be	  directly	  compared.	  	  

As	  shown	  in	  Figure	  4-‐5,	  the	  wildtype	  enzyme	  displays	  a	  very	  promising	  trend	  of	  
decreased	  activity	  as	  the	  size	  of	  the	  UDP-‐sugar	  increases.	  Glycopeptide	  formation	  
decreases	  by	  approximately	  3-‐fold	  when	  comparing	  UDP-‐GalNAc	  to	  UDP-‐GalNAz.	  In	  
agreement	  with	  this	  observation,	  it	  was	  previously	  found	  that	  the	  ppGalNAcTs	  have	  
about	  1/3	  the	  activity	  with	  UDP-‐GalNAz	  that	  they	  do	  with	  UDP-‐GalNAc80.	  We	  also	  
observe	  an	  approximately	  10-‐fold	  decrease	  in	  product	  formation	  when	  comparing	  
UDP-‐GalNAc	  and	  compound	  3.13a,	  UDP-‐GalNAzMe(S).	  This	  trend	  is	  indicative	  of	  
increasing	  substrate	  orthogonality,	  and	  may	  indicate	  that	  UDP-‐GalNAzMe(S)	  is	  
somewhat	  orthogonal	  to	  the	  native	  ppGalNAcTs.	  In	  this	  experiment,	  the	  
concentration	  of	  WT	  enzyme	  is	  less	  than	  the	  concentration	  of	  the	  other	  3	  enzymes,	  
so	  its	  activity	  cannot	  be	  compared	  directly	  to	  the	  mutants.	  
	  
The	  double	  mutant	  enzyme	  displays	  the	  opposite	  reactivity	  trend	  compared	  to	  the	  
wildtype	  enzyme.	  As	  the	  size	  of	  the	  UDP-‐sugar	  increases,	  the	  percent	  glycosylation	  
increases	  (Figure	  4-‐5).	  This	  is	  the	  trend	  previously	  observed	  when	  comparing	  the	  
UDP-‐detection	  assay	  using	  UDP-‐GalNAc,	  in	  which	  the	  double	  mutant	  was	  inactive	  
(Figure	  4-‐2),	  and	  the	  azido-‐ELISA,	  in	  which	  double	  mutant	  activity	  was	  partially	  
rescued	  by	  the	  enlarged	  substrate	  (Figure	  4-‐4).	  Approximately	  a	  10-‐fold	  increase	  in	  
product	  formation	  occurs	  as	  the	  substrate	  goes	  from	  UDP-‐GalNAc	  to	  UDP-‐
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GalNAzMe(S).	  However,	  once	  the	  branched	  analog	  is	  too	  large,	  activity	  drops	  
precipitously,	  as	  seen	  with	  UDP-‐GalNAzIpr(S).	  
	  
The	  I253A	  and	  L310A	  mutants	  are	  both	  active	  with	  UDP-‐GalNAc	  and	  UDP-‐GalNAz	  as	  
observed	  with	  previous	  assays.	  It	  also	  appears	  that	  the	  I253A	  mutant	  is	  more	  active	  
than	  the	  L310A	  mutant,	  which	  can	  also	  be	  seen	  with	  the	  UDP-‐detection	  assay	  and	  
the	  azido-‐ELISA	  (Figure	  4-‐2,	  Figure	  4-‐4).	  Interestingly,	  both	  of	  these	  mutants	  appear	  
to	  use	  UDP-‐GalNAzMe(S)	  similarly	  to	  UDP-‐GalNAz	  and	  UDP-‐GalNAc.	  These	  findings	  
are	  not	  a	  demonstration	  of	  enzyme	  orthogonality	  because	  it	  is	  likely	  that	  both	  the	  
I253A	  and	  L310A	  mutants	  will	  utilize	  UDP-‐GalNAc	  in	  vivo,	  as	  well	  as	  the	  UDP-‐
GalNAzMe(S),	  if	  the	  sugars	  are	  at	  similar	  concentrations.	  Such	  a	  characteristic	  was	  
exploited	  by	  Shokat	  and	  colleagues	  with	  the	  majority	  of	  analog-‐sensitized	  kinase	  
alleles	  they	  have	  studied.	  When	  the	  engineered	  enzyme	  is	  not	  orthogonal	  to	  the	  
native	  system,	  it	  is	  capable	  of	  maintaining	  wildtype	  activity	  in	  the	  absence	  of	  the	  
analog.	  This	  can	  be	  particularly	  useful	  when	  evaluating	  the	  replacement	  of	  the	  
native	  allele	  with	  the	  mutant	  allele	  in	  an	  animal	  model.	  Both	  of	  these	  single	  mutants	  
might	  have	  good	  kinetic	  parameters	  with	  UDP-‐GalNAzMe(S).	  
	  

	  
Figure	  4-‐6.	  Modeling	  of	  WT	  and	  double	  mutant	  in	  hT10.	  PDB	  ID	  2D7I.	  

We	  modeled	  space-‐filling	  interactions	  within	  6	  angstroms	  of	  GalNAc	  in	  the	  crystal	  
structure	  of	  ppGalNAcT10.	  To	  visualize	  the	  changes	  that	  occur	  near	  the	  N-‐acyl	  side	  
chain	  of	  GalNAc	  when	  bound	  in	  the	  active	  site	  of	  the	  double	  mutant	  ppGalNAcT,	  we	  
used	  PyMOL	  mutagenesis	  to	  replace	  the	  side	  chains	  of	  I266	  and	  L321	  with	  alanine	  
(Figure	  4-‐6).	  We	  observed	  that	  two	  distinct	  pockets	  arise	  in	  the	  double	  mutant,	  
which	  may	  be	  accessible	  to	  alpha-‐branched	  analogs	  such	  as	  UDP-‐GalNAzMe(S).	  	  
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The	  remainder	  of	  our	  analogs	  have	  yet	  to	  be	  screened	  against	  all	  of	  the	  wildtype	  and	  
mutant	  ppGalNAcTs.	  It	  will	  also	  be	  interesting	  to	  evaluate	  the	  behavior	  of	  UDP-‐
GalNAc	  analog	  diastereomers	  derived	  from	  enantiomeric	  starting	  materials	  in	  order	  
to	  understand	  the	  relative	  importance	  of	  different	  configurations	  of	  the	  stereocenter	  
at	  the	  alpha	  position	  of	  the	  bump.	  Our	  panel	  of	  ppGalNAcT2	  mutants	  will	  allow	  us	  to	  
evaluate	  the	  most	  active	  mutant-‐substrate	  pairs.	  The	  wildtype	  constructs	  of	  T2,	  T1,	  
T7,	  and	  T10	  will	  allow	  us	  to	  evaluate	  the	  orthogonality	  of	  the	  UDP-‐GalNAc	  analogs	  
with	  several	  native	  ppGalNAcT	  family	  members.	  The	  T1,	  T7,	  and	  T10	  mutants	  will	  
allow	  us	  to	  explore	  how	  well	  active	  site	  engineering	  to	  generate	  a	  bump-‐hole	  pair	  
can	  translate	  into	  other	  members	  of	  the	  ppGalNAcT	  family.	  
	  

	  

Figure	  4-‐7.	  Panel	  of	  ppGalNAcT	  secretion	  constructs	  (left)	  and	  UDP-‐GalNAc	  analogs	  
(right).	  	  

Based	  on	  our	  initial	  results	  using	  LC-‐MS	  to	  quantify	  peptide	  glycosylation,	  we	  will	  
screen	  all	  of	  the	  wildtype	  and	  engineered	  ppGalNAcTs	  against	  the	  panel	  of	  UDP-‐
sugars.	  We	  will	  modify	  the	  conditions	  of	  the	  fixed	  time	  LC-‐MS	  assay	  described	  in	  
Figure	  4-‐5	  such	  that	  full	  peptide	  glycosylation	  is	  obtained	  when	  using	  the	  wildtype	  
ppGalNAcT	  in	  combination	  with	  the	  natural	  UDP-‐GalNAc	  substrate.	  Thus,	  all	  
enzyme-‐substrate	  pairs	  will	  be	  screened	  under	  identical	  conditions,	  and	  based	  on	  
the	  selectivity	  of	  the	  enzyme	  for	  the	  UDP-‐GalNAc	  analog	  compared	  to	  UDP-‐GalNAc,	  
we	  will	  identify	  the	  most	  promising	  bump-‐hole	  pair.	  

ppGalNAcT        
secretion construct

hT2 253 310 361
WT I L F
I253A A L F
L310A I A F
F361A I L A
F361S I L S
I253A/L310A A A F

hT1 238 295 346
WT I L F
I238A A L F
L295A I A F
F346A I L A
F346S I L S
I238A/L295A A A F

hT7 330 391 442
WT I L Y
I330A/L391A A A Y

hT10 266 321 372
WT I L Y
I266A/L321A A A Y
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4.3.	  Screen	  bump-‐hole	  pair	  for	  desired	  biological	  behaviors	  

As	  discussed	  in	  Chapter	  1,	  one	  of	  the	  central	  challenges	  in	  engineering	  a	  bump-‐hole	  
pair	  is	  recapitulating	  native	  activity.	  An	  engineered	  ppGalNAcT	  should	  retain	  both	  
catalytic	  activity	  and	  specificity	  for	  its	  polypeptide	  and	  protein	  substrates.	  Towards	  
this	  goal,	  bump-‐hole	  pairs	  were	  screened	  for	  activity	  together	  as	  described	  in	  the	  
previous	  section.	  In	  this	  section,	  we	  describe	  efforts	  to	  demonstrate	  that	  the	  bump-‐
hole	  pair	  has	  the	  desired	  behavior	  in	  a	  biological	  context.	  Application	  of	  the	  bump-‐
hole	  pair	  in	  vivo	  is	  limited	  by	  the	  delivery	  mechanism	  of	  the	  sugar	  analog.	  
	  
Even	  with	  the	  range	  of	  currently	  available	  delivery	  techniques,	  charged	  nucleotides	  
are	  not	  cell	  permeable,	  making	  it	  is	  challenging	  to	  deliver	  a	  measurable	  quantity	  of	  
the	  UDP-‐sugar	  to	  cultured	  cells49,194.	  Sugar	  analogs	  can	  be	  delivered	  to	  cells	  as	  UDP-‐
sugar	  precursors,	  which	  are	  then	  converted	  to	  the	  nucleotide	  sugar	  by	  cellular	  
biosynthetic	  enzymes.	  Therefore,	  it	  could	  be	  useful	  to	  visualize	  whether	  cells	  treated	  
with	  peracetylated	  sugar	  analog	  result	  in	  cell-‐surface	  labeling.	  However,	  we	  did	  not	  
believe	  that	  the	  results	  of	  this	  experiment	  would	  be	  meaningful	  until	  we	  had	  
developed	  a	  method	  to	  detect	  the	  formation	  of	  UDP-‐sugar.	  Otherwise,	  any	  
experiment	  with	  absence	  of	  signal	  could	  not	  be	  evaluated	  for	  problems	  with	  analog	  
delivery	  versus	  ppGalNAcT	  orthogonality.	  
	  
Because	  the	  ppGalNAcTs	  are	  Golgi	  resident	  enzymes,	  application	  of	  the	  bump	  hole	  
pair	  to	  cell	  lysate	  as	  has	  been	  successful	  with	  kinases	  is	  unlikely	  to	  yield	  meaningful	  
labeled	  products15.	  However,	  when	  we	  began	  the	  validation	  experiments	  using	  
cellular	  components,	  we	  had	  not	  yet	  achieved	  a	  delivery	  method	  for	  the	  UDP-‐GalNAc	  
analogs.	  Therefore,	  our	  first	  experiments	  used	  fractionated	  cell	  lysates	  to	  study	  the	  
behavior	  of	  the	  first	  candidate	  bump-‐hole	  pair.	  	  

4.3.1.	  Confirm	  UDP-‐GalNAc	  analog	  is	  orthogonal	  to	  native	  ppGalNAcTs	  

With	  a	  bump-‐hole	  pair	  in	  hand,	  we	  set	  about	  demonstrating	  that	  the	  UDP-‐GalNAc	  
analog	  was	  orthogonal	  to	  other	  ppGalNAcTs.	  This	  can	  be	  accomplished	  by	  screening	  
the	  substrate	  analog	  against	  a	  panel	  of	  wildtype	  ppGalNAcT	  family	  members	  in	  vitro.	  
We	  currently	  have	  secretion	  constructs	  of	  human	  T2,	  T1,	  T7,	  and	  T10,	  and	  we	  plan	  
to	  use	  them	  for	  in	  vitro	  biochemical	  screens.	  However,	  assembling	  a	  panel	  
comprised	  of	  all	  known	  ppGalNAcTs	  is	  prohibitive.	  In	  the	  future,	  a	  collaboration	  
with	  the	  Clausen,	  Tabak,	  Ten	  Hagen,	  or	  Gerken	  labs	  or	  plasmids	  from	  the	  Repository	  
of	  Glyco-‐enzyme	  Expression	  Constructs	  with	  the	  Complex	  Carbohydrate	  Research	  
Center	  (Athens,	  GA)	  might	  enable	  screening	  of	  the	  analog	  against	  existing	  protein	  
libraries.	  	  
	  
Alternatively,	  a	  more	  accessible	  metric	  is	  background	  labeling	  in	  cells	  or	  animals	  
treated	  with	  the	  analog.	  Most	  cell	  types	  express	  only	  some	  of	  the	  ppGalNAcT	  family	  
members,	  so	  evaluating	  orthogonality	  in	  this	  fashion	  must	  be	  matched	  to	  the	  model	  
system	  of	  study.	  Note	  that	  screens	  against	  cells	  and	  animals	  evaluate	  whether	  any	  
cellular	  component	  utilizes	  the	  analog,	  not	  only	  the	  ppGalNAcTs.	  The	  work	  
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presented	  in	  this	  dissertation	  is	  focused	  on	  developing	  a	  model	  system	  in	  human	  
embryonic	  kidney	  (HEK)	  cells,	  so	  we	  first	  monitored	  background	  labeling	  in	  
enzymatically	  active	  HEK	  lysates.	  	  
	  
We	  first	  focused	  our	  efforts	  on	  fractionated	  cellular	  lysates	  treated	  exogenously	  
with	  purified	  ppGalNAcTs	  and	  UDP-‐GalNAc	  analogs.	  Fractionated	  lysates	  were	  
generated	  from	  HEK	  cells	  using	  a	  proprietary	  kit.	  Initial	  cell	  permeabilization	  
generated	  a	  cytoplasmically	  enriched	  fraction.	  Subsequent	  membrane	  solubilization	  
resulted	  in	  an	  ER,	  Golgi,	  and	  plasma	  membrane	  enriched	  fraction.	  A	  final	  step	  
released	  soluble	  nuclear	  components.	  We	  evaluated	  the	  quality	  of	  the	  fractionation	  
using	  markers	  of	  the	  cytoplasm	  (anti-‐HSP90),	  plasma	  membrane	  (anti-‐Na/K	  
ATPase),	  and	  nucleus	  (anti-‐nuclear	  pore	  complex)	  (data	  not	  shown).	  	  

	  
Figure	  4-‐8.	  Fractionated	  HEK293T	  lysates	  treated	  with	  exogenous	  purified	  hT2	  and	  
UDP-‐GalNAc	  analogs.	  	  

As	  shown	  in	  Figure	  4-‐8,	  ppGalNAcTs	  should	  be	  present	  in	  the	  membrane-‐enriched	  
fraction,	  but	  not	  the	  cytoplasmic	  fraction.	  We	  found	  that	  both	  fractions	  contain	  
proteins	  that	  can	  be	  glycosylated	  by	  the	  ppGalNAcTs,	  as	  shown	  Figure	  4-‐9.	  However,	  
natural	  ppGalNAcTs	  substrates	  should	  be	  in	  the	  secretory	  pathway,	  and	  therefore	  in	  
the	  membrane	  fraction	  (Figure	  4-‐8).	  These	  results	  demonstrate	  that,	  at	  least	  in	  the	  
context	  of	  a	  lysate,	  there	  are	  proteins	  with	  residues	  that	  can	  be	  glycosylated	  when	  
there	  is	  an	  excess	  of	  enzyme	  and	  donor	  substrate	  that	  are	  not	  natural	  substrates	  of	  
the	  ppGalNAcTs.	  This	  observation	  has	  similarities	  to	  published	  work	  showing	  that	  
when	  the	  ppGalNAcTs	  are	  trafficked	  to	  the	  ER,	  which	  is	  believed	  to	  occur	  only	  with	  
certain	  stimuli,	  additional	  sites	  of	  glycosylation	  and	  truncated	  glycoforms	  appear54.	  
This	  finding	  suggests	  that	  organelle	  localization	  is	  an	  important	  part	  of	  substrate	  
selection.	  
	  
As	  UDP-‐GalNAz	  is	  not	  orthogonal	  to	  the	  ppGalNAcTs,	  we	  would	  predict	  labeling	  with	  
UDP-‐GalNAz	  in	  the	  membrane	  fraction	  (Figure	  4-‐9).	  However,	  in	  the	  absence	  of	  the	  
ppGalNAcTs,	  there	  should	  not	  be	  any	  labeling	  with	  UDP-‐GalNAz	  (Figure	  4-‐10).	  In	  
contrast,	  UDP-‐GalNAzMe(S)	  shows	  minimal	  labeling	  in	  both	  conditions,	  suggesting	  
good	  orthogonality	  (Figure	  4-‐10).	  Ideally,	  there	  is	  little	  detectable	  activity	  of	  the	  
UDP-‐GalNAc	  analog	  with	  any	  native	  ppGalNAcTs.	  Although	  these	  initial	  studies	  in	  a	  
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cellular	  context	  are	  promising,	  we	  continue	  to	  evaluate	  side	  reactivity	  between	  the	  
analog	  and	  native	  ppGalNAcTs.	  If	  we	  encounter	  signal	  due	  to	  native	  ppGalNAcTs,	  we	  
will	  evaluate	  the	  significance	  of	  this	  activity	  and	  may	  return	  to	  find	  another	  
candidate	  bump-‐hole	  pair.	  	  
	  

	  

	  
Figure	  4-‐9.	  Lysates	  labeled	  with	  UDP-‐GalNAc	  analogs	  and	  purified	  hT2.	  Reactions	  (in	  
TBS,	  10	  mM	  MnCl2,	  50	  μL	  total)	  containing	  1.33	  μg/μL	  lysate	  were	  treated	  with	  ppGalNAcT	  
(21	  μL	  enzyme)	  and	  saturating	  UDP-‐sugar	  concentrations	  (250	  μM)	  and	  were	  carried	  out	  at	  
37	  °C	  overnight.	  Lysates	  were	  treated	  with	  alkyne-‐PEG-‐biotin	  and	  subjected	  to	  CUAAC	  
conditions	  for	  1	  h.	  (A)	  Western	  blot	  of	  azide-‐labeled	  proteins.	  Samples	  were	  subjected	  to	  
SDS-‐PAGE	  (4.9	  μg	  protein)	  and	  Western	  blot	  and	  biotin	  was	  detected	  with	  anti-‐biotin-‐HRP	  
(1:100,000).	  (B)	  India	  ink	  total	  protein	  stain.	  	  
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Figure	  4-‐10.	  Excerpt	  from	  Figure	  4-‐9	  with	  longer	  film	  exposure:	  Labeling	  arising	  from	  
native	  enzymes	  in	  enzymatically	  active	  lysates.	  (A)	  anti-‐biotin	  Western	  blot.	  (B)	  India	  
ink	  total	  protein	  stain.	  Lanes	  shown	  in	  the	  order	  11,	  15,	  3,	  7.	  

4.3.2.	  Competition	  with	  UDP-‐GalNAc	  

To	  evaluate	  the	  ability	  of	  UDP-‐GalNAzMe(S)	  to	  compete	  with	  UDP-‐GalNAc	  in	  a	  
cellular	  context,	  we	  evaluated	  labeling	  intensity	  of	  lysates	  doped	  with	  exogenous	  
ppGalNAcT2	  and	  both	  UDP-‐sugars.	  In	  one	  treatment,	  WT	  enzyme	  was	  added,	  and	  in	  
the	  other,	  I253A/L310A	  double	  mutant	  enzyme	  was	  added.	  Both	  samples	  were	  
treated	  with	  250	  μM	  UDP-‐GalNAzMe(S),	  which	  should	  be	  a	  saturating	  concentration	  
of	  the	  sugar	  donor.	  Additionally,	  increasing	  amounts	  of	  UDP-‐GalNAc	  were	  titrated	  in	  
2-‐fold	  dilutions.	  	  
	  

	  
Figure	  4-‐11.	  UDP-‐GalNAc	  competition	  in	  cytoplasmically-‐enriched	  HEK293T	  lysates.	  
Lysates	  were	  treated	  with	  exogenous	  purified	  hT2	  and	  UDP-‐GalNAzMe(S).	  

We	  saw	  that	  the	  addition	  of	  UDP-‐GalNAc	  did	  not	  abrogate	  signal	  generated	  by	  the	  
double	  mutant	  enzyme.	  In	  contrast,	  the	  wildtype	  enzyme	  underwent	  significant	  
reductions	  in	  signal	  as	  the	  amount	  of	  UDP-‐GalNAc	  increased.	  When	  the	  UDP-‐GalNAc	  
concentration	  was	  equal	  to	  the	  UDP-‐GalNAzMe(S)	  concentration,	  the	  majority	  of	  the	  
signal	  was	  depleted.	  When	  twice	  the	  concentration	  of	  UDP-‐GalNAc	  was	  used	  relative	  
to	  UDP-‐GalNAzMe(S),	  the	  signal	  was	  virtually	  eliminated.	  These	  findings	  are	  very	  
promising,	  indicating	  that	  the	  wildtype	  enzyme	  should	  show	  little	  labeling	  from	  the	  
analog	  in	  the	  presence	  of	  UDP-‐GalNAc,	  while	  the	  double	  mutant	  can	  label	  its	  
substrates,	  despite	  the	  presence	  of	  UDP-‐GalNAc.	  These	  are	  the	  conditions	  that	  we	  
anticipate	  in	  cells.	  
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Figure	  4-‐12.	  Western	  blot	  of	  UDP-‐GalNAzMe(S)-‐labeled	  proteins	  in	  UDP-‐GalNAc	  
competition.	  Reactions	  (in	  TBS,	  10	  mM	  MnCl2,	  50	  μL	  total)	  containing	  1.33	  μg/μL	  lysate	  
were	  treated	  with	  ppGalNAcT	  (20	  μL	  enzyme)	  and	  were	  carried	  out	  at	  37	  °C	  for	  13	  h.	  
Reactions	  contained	  saturating	  UDP-‐GalNAzMe(S)	  concentrations	  (250	  μM)	  and	  [UDP-‐
GalNAc]	  was	  titrated	  from	  0-‐500	  μM.	  Lysates	  were	  treated	  with	  alkyne-‐PEG-‐biotin	  and	  
subjected	  to	  CUAAC	  conditions	  for	  1	  h.	  (A)	  Western	  blot	  of	  azide-‐labeled	  proteins.	  Samples	  
were	  subjected	  to	  SDS-‐PAGE	  (3.3	  μg	  protein)	  and	  Western	  blot,	  and	  biotin	  was	  detected	  
with	  anti-‐biotin-‐HRP	  (1:100,000).	  Protein	  concentrations	  are	  not	  identical	  due	  to	  some	  
protein	  precipitation	  in	  lysates	  (not	  shown).	  

4.3.3.	  Evaluate	  bump-‐hole	  pair	  in	  cellulo	  /	  full-‐length	  ppGalNAcT	  constructs	  in	  
cells	  

After	  treating	  cells	  with	  exogenous	  ppGalNAcT	  protein,	  the	  next	  step	  is	  to	  transfect	  
cells	  with	  the	  ppGalNAcT	  of	  interest	  (either	  the	  wildtype	  or	  the	  double	  mutant),	  and	  
to	  evaluate	  its	  activity	  in	  lysates	  or	  intact	  cells.	  Therefore,	  we	  next	  focused	  our	  
efforts	  on	  transfecting	  cells	  with	  full	  length	  ppGalNAcTs	  and	  confirming	  their	  proper	  
cellular	  localization.	  If	  full-‐length	  ppGalNAcT	  constructs	  are	  trafficked	  to	  the	  Golgi	  
apparatus,	  they	  should	  function	  like	  the	  native	  cellular	  ppGalNAcTs,	  either	  in	  living	  
cells	  or	  in	  lysates.	  Transfected	  ppGalNAcTs	  localized	  to	  the	  Golgi	  should	  utilize	  UDP-‐
GalNAc	  analogs	  to	  modify	  proteins	  in	  the	  secretory	  pathway.	  We	  can	  then	  evaluate	  
the	  labeling	  that	  can	  be	  achieved	  with	  overexpressed	  enzymes.	  Based	  on	  the	  results	  
with	  the	  UDP-‐GalNAc	  competition	  described	  in	  the	  previous	  section,	  we	  hypothesize	  
that	  the	  natural	  levels	  of	  UDP-‐GalNAc	  will	  minimize	  labeling	  with	  the	  sugar	  analog	  
by	  wildtype	  enzymes.	  Such	  a	  result	  would	  indicate	  orthogonality	  of	  the	  analog	  
within	  the	  biological	  context	  of	  a	  living	  cell.	  Due	  to	  the	  relative	  activities	  of	  the	  
double	  mutant	  with	  these	  two	  sugars,	  we	  would	  expect	  labeling	  from	  the	  analog	  by	  
the	  double	  mutant	  enzyme.	  We	  generated	  full-‐length	  hT7	  and	  T10	  prior	  to	  cloning	  
full-‐length	  hT2,	  so	  we	  evaluated	  the	  behavior	  of	  these	  constructs	  in	  cells.	  
	  
We	  transfected	  HEK	  cells	  with	  full-‐length	  constructs	  of	  ppGalNAcT7	  and	  T10	  in	  the	  
pFLAG-‐CMV-‐2	  vector.	  These	  constructs	  had	  an	  N-‐terminal	  FLAG	  tag	  followed	  by	  the	  
entire	  coding	  sequence	  of	  the	  ppGalNAcT.	  Cells	  were	  transfected,	  the	  media	  was	  
changed	  after	  24	  hours,	  and	  the	  cells	  were	  analyzed	  at	  48	  hours	  post-‐transfection.	  
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To	  evaluate	  proper	  localization	  of	  these	  constructs	  in	  cells,	  we	  fractionated	  the	  cells	  
as	  described	  previously.	  As	  shown	  in	  Figure	  4-‐13,	  fractionated	  lysates	  included	  1)	  a	  
cytoplasmically	  enriched	  fraction,	  2)	  an	  ER,	  Golgi,	  and	  plasma	  membrane	  enriched	  
fraction,	  and	  3)	  a	  fraction	  enriched	  with	  the	  soluble	  nuclear	  components.	  We	  
evaluated	  the	  quality	  of	  the	  fractionation	  with	  markers	  of	  the	  cytoplasm	  (anti-‐
HSP90),	  plasma	  membrane	  (anti-‐Na/K	  ATPase),	  and	  nucleus	  (anti-‐nuclear	  pore	  
complex).	  

	  
Figure	  4-‐13.	  HEK293T	  cells	  transfected	  with	  full-‐length	  hT2	  constructs	  and	  
fractionated.	  	  

We	  found	  that	  fractions	  were	  enriched	  in	  the	  desired	  protein	  markers,	  but	  that	  
there	  was	  some	  contamination	  across	  fractions.	  Despite	  our	  efforts	  to	  optimize	  the	  
manufacturer’s	  protocol,	  we	  were	  not	  able	  to	  improve	  the	  separation	  between	  
fractions.	  We	  found	  that	  cytoplasmic	  marker	  HSP90	  (heat	  shock	  protein	  MW	  90	  
kDa)	  was	  most	  enriched	  in	  the	  cytoplasmic	  fraction	  and	  was	  also	  found	  in	  the	  
membrane	  fraction.	  Nuclear	  pore	  complex	  proteins	  were	  most	  concentrated	  in	  the	  
nuclear	  fraction,	  but	  they	  were	  also	  seen	  in	  the	  cytoplasmic	  fraction,	  and	  some	  
cross-‐reactivity	  was	  also	  seen	  in	  the	  membrane	  fraction.	  Because	  our	  goal	  was	  to	  
use	  the	  fractionation	  to	  evaluate	  ppGalNAcT	  localization,	  we	  moved	  forward	  at	  this	  
stage.	  
	  
Anti-‐FLAG	  signal	  corresponding	  to	  transfected	  ppGalNAcT7	  was	  seen	  in	  the	  
membrane	  fraction	  with	  some	  contamination	  of	  the	  nuclear	  fraction	  (Figure	  4-‐14).	  
As	  shown	  in	  Figure	  4-‐14,	  a	  wash	  step	  following	  the	  isolation	  of	  the	  membrane	  
fraction	  to	  remove	  any	  membrane	  contaminants	  did	  not	  significantly	  reduce	  this	  
contamination.	  Thus,	  we	  hypothesized	  that	  contamination	  of	  the	  nuclear	  fraction	  
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was	  due	  to	  incomplete	  membrane	  solubilization,	  rather	  than	  incomplete	  removal	  of	  
solubilized	  membrane	  proteins.	  These	  results	  suggested	  that	  wildtype	  and	  double	  
mutant	  hT7	  was	  properly	  localized	  to	  the	  Golgi	  apparatus.	  In	  contrast,	  in	  multiple	  
experiments,	  hT10	  failed	  to	  localize	  as	  expected	  and	  was	  only	  observed	  in	  the	  boiled	  
cell	  pellet	  (data	  not	  shown).	  These	  data	  are	  consistent	  with	  the	  protein	  being	  
insoluble,	  and	  we	  hypothesized	  that	  this	  was	  due	  to	  improper	  trafficking	  of	  the	  full-‐
length	  construct	  due	  to	  the	  N-‐terminal	  FLAG	  tag,	  as	  described	  in	  Chapter	  2.	  To	  
further	  validate	  these	  results,	  we	  performed	  immunocytochemistry	  to	  visualize	  the	  
cellular	  localization	  of	  the	  FLAG-‐tagged	  ppGalNAcTs.	  	  
	  

	  
Figure	  4-‐14.	  Fractionated	  lysates	  are	  appropriately	  enriched	  for	  subcellular	  markers.	  
(Upper	  panel)	  Western	  blots	  of	  fractionated	  lysates	  (8.5	  μg	  protein,	  except	  wash	  lane)	  
probed	  with	  antibodies	  against	  known	  subcellular	  markers:	  lane	  1)	  cytoplasmic	  extract;	  
lane	  2)	  membrane,	  ER,	  Golgi	  extract;	  lane	  3)	  wash;	  lane	  4)	  soluble	  nuclear	  extract.	  Predicted	  
MW	  of	  hT7	  =	  75	  kDa.	  (Lower	  panel)	  Ponceau	  total	  protein	  staining.	  

Cells	  were	  transfected	  as	  described	  for	  the	  experiments	  above	  and	  evaluated	  by	  
immunocytochemistry	  48	  h	  post-‐transfection.	  After	  fixing	  and	  permeabilizing	  cells,	  
cells	  were	  treated	  with	  anti-‐FLAG	  antibody	  and	  stained	  with	  DAPI	  to	  visualize	  
nuclei.	  Although	  we	  planned	  to	  compare	  co-‐localization	  of	  the	  anti-‐FLAG	  signal	  to	  a	  
Golgi	  marker,	  signal	  from	  the	  Golgi	  marker	  was	  too	  low	  to	  make	  this	  possible.	  
Because	  these	  experiments	  were	  preliminary	  studies	  of	  ppGalNAcT	  localization,	  we	  
did	  not	  optimize	  the	  immunocytochemistry	  or	  Golgi	  labeling.	  We	  found	  that,	  as	  seen	  
with	  the	  cellular	  fractionation,	  hT7	  appeared	  to	  localize	  to	  a	  subcellular	  
compartment	  consistent	  with	  the	  Golgi	  apparatus.	  Although	  these	  images	  suggest	  a	  
difference	  in	  subcellular	  localization	  between	  the	  wildtype	  and	  double	  mutant	  
constructs,	  we	  found	  that	  localization	  was	  qualitatively	  the	  same,	  particularly	  when	  
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we	  compared	  them	  across	  multiple	  z-‐planes.	  In	  contrast,	  hT10	  was	  not	  localized	  to	  
any	  apparent	  cellular	  compartment,	  and	  signal	  was	  observed	  diffusely	  throughout	  
the	  cell	  (Figure	  4-‐15).	  Rather	  than	  evaluate	  these	  data	  further,	  as	  described	  in	  
Chapter	  2,	  we	  re-‐cloned	  all	  full-‐length	  T7	  and	  T10	  constructs	  to	  transfer	  the	  FLAG	  
tag	  to	  the	  C-‐terminus	  of	  the	  protein.	  We	  are	  repeating	  the	  experiments	  described	  in	  
this	  section	  with	  the	  new	  constructs.	  
	  

	  
Figure	  4-‐15.	  Localization	  of	  full-‐length	  hT2	  constructs	  in	  HEK293T	  cells.	  AF647	  (red)	  
labels	  FLAG	  epitope	  tag	  and	  Hoechst	  dye	  (blue)	  stains	  nuclei.	  

4.4.	  Delivery	  

To	  achieve	  labeling	  with	  a	  sugar	  analog	  in	  cells,	  the	  analog	  has	  to	  pass	  from	  outside	  
the	  cell	  to	  the	  interior	  of	  the	  cell.	  However,	  polar	  and	  charged	  molecules	  cannot	  
passively	  diffuse	  through	  the	  cell	  membrane.	  Sugar	  analogs	  such	  as	  GalNAz	  are	  
commonly	  delivered	  to	  the	  cell	  by	  protecting	  the	  polar	  hydroxyl	  groups	  of	  the	  sugar	  
with	  relatively	  hydrophobic	  acetyls,	  thereby	  allowing	  diffusion	  across	  the	  cell	  
membrane.	  Once	  inside	  the	  cell,	  non-‐specific	  esterases	  can	  deprotect	  the	  sugar,	  
allowing	  it	  to	  enter	  the	  GalNAc	  salvage	  pathway.	  First,	  galactokinase	  glycosylates	  
the	  anomeric	  position	  of	  the	  sugar.	  Subsequently,	  AGX1	  converts	  the	  sugar-‐1-‐
phosphate	  into	  UDP-‐GalNAz.	  UDP-‐GalNAz	  can	  be	  epimerized	  to	  UDP-‐GlcNAz	  by	  
GALE,	  the	  C4-‐epimerase	  that	  interconverts	  these	  two	  nucleotide	  sugars.	  These	  steps	  
are	  possible	  because	  GalNAz	  is	  not	  orthogonal	  to	  the	  enzymes	  in	  the	  GalNAc	  salvage	  
pathway.	  However,	  when	  designing	  a	  bumped	  analog,	  the	  goal	  of	  the	  analog	  is	  to	  be	  
modified	  in	  such	  a	  way	  that	  it	  is	  not	  easily	  accepted	  by	  native	  enzymes.	  Although	  our	  
bumped	  analog	  may	  be	  orthogonal	  to	  the	  ppGalNAcT	  family,	  a	  likely	  side-‐effect	  is	  
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that	  it	  may	  be	  orthogonal	  to	  some	  or	  all	  of	  the	  enzymes	  within	  the	  GalNAc	  salvage	  
pathway.	  We	  anticipated	  that	  it	  would	  be	  necessary	  to	  develop	  an	  alternative	  
strategy	  to	  deliver	  the	  bumped	  analog	  to	  the	  inside	  of	  the	  cell.	  	  

	  

Figure	  4-‐16.	  The	  GalNAc	  salvage	  pathway.	  GalK	  processes	  large	  analogs	  poorly.	  UDP	  
sugars	  are	  not	  membrane	  permeable.	  

4.4.1.	  Delivery	  via	  the	  GalNAc	  salvage	  pathway	  

If	  the	  main	  bottleneck	  in	  the	  GalNAc	  salvage	  pathway	  is	  the	  galactokinase,	  it	  is	  
possible	  to	  deliver	  a	  protected	  sugar-‐1-‐phosphate	  of	  the	  bumped	  analog.	  This	  
approach	  has	  been	  successful	  with	  other	  sugar	  analogs	  including	  the	  diazirine	  
modified	  GlcNAc	  analog	  developed	  by	  Kohler	  and	  colleagues.	  As	  shown	  in	  Figure	  
4-‐17,	  the	  hydroxyl	  groups	  of	  the	  sugar	  are	  acetylated	  while	  the	  phosphate	  oxygens	  
are	  protected	  with	  S-‐acyl-‐2-‐thioethyl	  (SATE)	  protecting	  groups114,195,196.	  The	  acetyl	  
portion	  of	  these	  SATE	  protecting	  groups	  can	  be	  removed	  by	  esterases,	  unmasking	  a	  
self-‐immolative	  protecting	  group	  that	  releases	  ethylene	  sulfide	  and	  exposes	  the	  free	  
phosphate.	  
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Figure	  4-‐17.	  Delivery	  of	  a	  protected	  sugar-‐1P	  analog	  enables	  formation	  of	  the	  UDP-‐
sugar.	  Figure	  reprinted	  from	  Kohler	  et	  al114.	  Copyright	  2012,	  the	  National	  Academy	  of	  
Sciences.	  

We	  first	  evaluated	  the	  whether	  GalNAzMe(S)	  could	  be	  delivered	  to	  cells	  as	  the	  
protected	  monosaccharide	  or	  the	  protected	  sugar-‐1-‐phosphate.	  We	  used	  
peracetylated	  GalNAz	  as	  a	  positive	  control	  and	  evaluated	  both	  the	  formation	  of	  the	  
UDP	  sugar,	  as	  well	  as	  azidosugar	  labeling	  of	  glycoproteins.	  Nucleotide	  sugar	  
formation	  can	  be	  evaluated	  by	  High	  Performance	  Anion	  Exchange	  Chromatography	  
with	  Pulsed	  Amperometric	  Detection	  (HPAEC-‐PAD	  or	  HPAEC)	  as	  described	  by	  
Kohler	  and	  colleagues114.	  We	  first	  used	  authentic	  standards	  of	  UDP-‐GalNAc,	  UDP-‐
GlcNAc,	  and	  UDP-‐GalNAz,	  and	  UDP-‐GalNAzMe(S)	  to	  confirm	  the	  elution	  times	  of	  
these	  distinct	  nucleotide	  sugars.	  We	  observed	  that	  both	  UDP-‐GalNAz	  and	  UDP-‐
GalNAzMe(S)	  had	  the	  same	  retention	  time	  by	  this	  method.	  HEK	  cells	  were	  treated	  
for	  6	  hours	  with	  different	  protected	  sugar	  analogs,	  and	  then	  the	  cells	  were	  
harvested	  and	  lysed.	  As	  shown	  in	  Figure	  4-‐18,	  cells	  fed	  Ac4GalNAz	  demonstrated	  
significant	  formation	  of	  both	  UDP-‐GalNAz	  and	  UDP-‐GlcNAz	  by	  HPAEC.	  In	  contrast,	  
cells	  treated	  with	  either	  Ac4GalNAzMe(S)	  or	  Ac3GalNAzMe(S)-‐1P(SATE)2	  did	  not	  
form	  UDP-‐GalNAzMe(S).	  
	  
Although	  no	  UDP-‐sugar	  formation	  with	  the	  GalNAzMe(S)	  derivatives	  was	  apparent	  
by	  HPAEC,	  we	  also	  evaluated	  whether	  these	  analogs	  would	  result	  in	  detectable	  
azidosugar	  labeling	  of	  cell	  surface	  glycoproteins.	  Cells	  were	  treated	  with	  
cyclooctyne	  conjugated	  to	  biotin	  (DIBAC-‐PEG-‐biotin)	  and	  lysed.	  Labeled	  lysates	  
were	  then	  subjected	  to	  SDS	  PAGE	  and	  western	  blot	  analysis.	  By	  probing	  with	  an	  
anti-‐biotin	  HRP	  conjugate,	  the	  amount	  of	  azidosugar	  labeling	  was	  evaluated.	  As	  
would	  be	  predicted	  based	  upon	  the	  HPAEC	  results	  described	  above,	  glycoproteins	  
labeled	  with	  GalNAz	  were	  present	  in	  the	  positive	  control	  (Figure	  4-‐18).	  In	  contrast,	  
the	  methyl	  analogs	  showed	  identical	  labeling	  to	  that	  observed	  in	  the	  no	  azidosugar	  
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and	  no	  cyclooctyne	  controls.	  These	  results	  indicate	  that	  in	  the	  absence	  of	  UDP-‐
GalNAzMe(S)	  formation,	  cellular	  proteins	  do	  not	  incorporate	  the	  methyl	  analog	  via	  
any	  other	  detectable	  pathway.	  
	  

	  

	  

Figure	  4-‐18.	  GalNAzMe(S)	  intermediates	  are	  not	  accepted	  by	  the	  GalNAc	  salvage	  
pathway.	  (Top	  panel)	  HPAEC-‐PAD	  analysis	  of	  HEK	  293T	  cells	  fed	  Ac4GalNAzMe(S),	  
Ac3GalNAzMe(S)-‐1P(SATE)2,	  Ac4GalNAz	  (positive	  control)	  or	  DMSO	  (negative	  control).	  
(Bottom	  panel)	  Western	  blot	  of	  cells	  fed	  sugar	  analogs,	  treated	  with	  DIBAC-‐biotin,	  and	  
lysed.	  	  
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4.4.2.	  Delivery	  bypassing	  the	  GalNAc	  salvage	  pathway	  

If	  the	  bumped	  sugar	  analog	  is	  not	  accommodated	  by	  the	  GalNAc	  salvage	  pathway,	  it	  
could	  be	  bypassed	  by	  delivering	  the	  UDP-‐sugar	  directly.	  However,	  the	  di-‐anion	  of	  
the	  UDP	  sugar	  makes	  this	  quite	  challenging.	  There	  are	  no	  known	  protecting	  groups	  
that	  facilitate	  passive	  diffusion	  of	  the	  small	  molecule	  through	  the	  cell	  membrane.	  
This	  is	  because	  protecting	  the	  phosphate	  oxygens	  makes	  them	  good	  leaving	  groups	  
and	  activates	  the	  UDP	  sugar	  for	  hydrolysis.	  Therefore	  methods	  to	  deliver	  a	  
nucleotide	  sugar	  depend	  on	  disrupting	  or	  bypassing	  the	  cell	  membrane.	  Shokat	  and	  
coworkers	  have	  delivered	  ATP	  analogs	  to	  cells	  by	  permeabilizing	  the	  cell	  membrane	  
with	  digitonin15,103.	  However,	  membrane	  permeabilization	  compromises	  cell	  
integrity,	  and	  these	  cells	  only	  survive	  for	  a	  few	  hours15,103.	  In	  the	  case	  of	  kinases,	  
phosphorylation	  is	  a	  rapid	  and	  dynamic	  modification,	  allowing	  them	  to	  achieve	  
labeling	  on	  this	  short	  timescale.	  In	  contrast,	  o-‐GalNAc	  glycosylation	  is	  significantly	  
more	  complex,	  first	  requiring	  the	  UDP	  sugar	  to	  be	  transported	  into	  the	  Golgi,	  
followed	  by	  modification	  by	  multiple	  glycosyltransferases	  within	  the	  Golgi.	  
Complete	  trafficking	  of	  the	  protein	  through	  the	  secretory	  pathway	  and	  finally	  to	  the	  
cell	  surface	  is	  necessary	  to	  achieve	  labeling	  of	  mature	  proteins.	  These	  challenges	  
necessitate	  cell	  survival	  on	  a	  significantly	  longer	  timescale	  than	  was	  achieved	  by	  
Shokat	  and	  coworkers	  in	  order	  to	  achieve	  meaningful	  labeling.	  	  
	  
We	  attempted	  an	  alternative	  cell	  permeabilization	  method	  using	  the	  streptolysin	  
toxin,	  which	  has	  been	  shown	  to	  enable	  delivery	  of	  many	  types	  of	  cargo	  across	  cell	  
membranes197-‐199.	  Treatment	  with	  Ca2+	  has	  been	  shown	  to	  induce	  endocytosis,	  
resulting	  in	  removal	  of	  the	  streptolysin	  pores	  from	  the	  cell	  membrane	  and	  making	  
the	  membrane	  no	  longer	  permeable198,199.	  Cells	  treated	  in	  this	  fashion	  have	  been	  
shown	  to	  survive	  greater	  for	  longer	  than	  24	  h199.	  Our	  attempts	  to	  repeat	  these	  
experiments	  using	  calcein	  dye	  to	  visualize	  small	  molecule	  delivery	  did	  not	  indicate	  
that	  this	  technique	  would	  be	  promising.	  	  
	  
We	  have	  also	  considered	  bypassing	  the	  cell	  membrane	  to	  deliver	  the	  UDP-‐sugar.	  
There	  is	  significant	  precedent	  encapsulating	  polar	  pharmacophores	  and	  charged	  
biopolymers	  such	  as	  nucleic	  acids	  inside	  a	  vesicle	  that	  is	  endocytosed	  by	  the	  cell200.	  
These	  molecules	  then	  escape	  the	  endosome	  to	  reach	  the	  cytoplasm	  by	  unknown	  
mechanisms201.	  Vesicles	  such	  as	  liposomes	  are	  typically	  composed	  of	  amphiphilic	  
molecules	  with	  a	  polar	  head	  group	  and	  a	  hydrophobic	  tail,	  and	  some	  liposome	  
compositions	  are	  designed	  to	  decompose	  during	  acidification	  in	  the	  endocytic	  
pathway200,201.	  	  

4.4.3.	  Engineering	  the	  GalNAc	  salvage	  pathway	  

An	  alternative	  to	  delivering	  the	  intact	  UDP-‐sugar	  is	  to	  deliver	  an	  earlier	  
intermediate	  by	  engineering	  an	  enzyme	  in	  the	  GalNAc	  salvage	  pathway.	  With	  
confirmation	  that	  the	  methyl	  analog	  is	  not	  converted	  into	  the	  nucleotide	  sugar	  by	  
the	  natural	  enzymes,	  we	  chose	  to	  focus	  our	  efforts	  on	  engineering	  either	  GalK	  or	  
AGX1/2.	  AGX1	  preferentially	  uses	  UDP-‐GalNAc	  over	  UDP-‐GlcNAc,	  while	  AGX2	  is	  
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known	  to	  preferentially	  utilize	  UDP-‐GlcNAc131,202.	  We	  choose	  to	  engineer	  AGX1	  
rather	  than	  GalK	  because	  it	  is	  the	  later	  bottleneck	  in	  the	  pathway.	  This	  is	  the	  
strategy	  that	  was	  ultimately	  necessary	  to	  deliver	  the	  diazirine	  GlcNAc	  analog	  
discussed	  earlier	  in	  this	  chapter.	  Kohler	  and	  coworkers	  found	  that	  despite	  the	  
delivery	  of	  the	  protected	  sugar-‐1-‐phosphate,	  the	  analog	  was	  not	  processed	  by	  
AGX1/2	  and	  did	  not	  result	  in	  the	  formation	  of	  UDP-‐sugar114.	  Therefore	  they	  
engineered	  AGX1	  to	  introduce	  an	  enlarged	  binding	  pocket	  that	  could	  accommodate	  
the	  diazirine.	  Using	  the	  crystal	  structure	  of	  AGX1	  to	  design	  the	  active	  site	  mutations,	  
Kohler	  and	  coworkers	  engineered	  AGX1	  to	  accommodate	  modifications	  at	  the	  C8	  
position	  of	  UDP-‐GlcNAc114.	  They	  found	  that	  the	  modification	  of	  Phe383	  to	  Gly	  
resulted	  in	  the	  formation	  of	  UDP-‐GlcNDAz.	  	  
	  

	  
Figure	  4-‐19.	  UDP-‐GalNAc	  analog	  synthesis	  using	  engineered	  AGX1.	  

Based	  on	  this	  precedent,	  we	  attempted	  to	  utilize	  the	  same	  AGX1	  mutant	  that	  had	  
accepted	  GlcNDAz.	  The	  Kohler	  lab	  generously	  provided	  us	  with	  a	  stable	  HeLa	  cell	  
line	  transfected	  with	  a	  mammalian	  expression	  construct	  for	  AGX1-‐F383G	  
maintained	  with	  puromycin	  resistance	  cassette.	  When	  we	  fed	  these	  cells	  
GalNAzMe(S)-‐1P(SATE)2,	  we	  did	  not	  detect	  the	  formation	  of	  the	  corresponding	  UDP	  
sugar	  by	  HPAEC.	  As	  observed	  by	  the	  Kohler	  and	  coworkers,	  the	  crystal	  structure	  of	  
AGX1	  contains	  a	  hydrophobic	  pocket	  in	  which	  F381	  and	  F383	  flank	  the	  N-‐acyl	  side	  
chain	  of	  UDP-‐GlcNAc114.	  We	  modeled	  residues	  in	  the	  active	  site	  with	  PyMOL	  and	  
concluded	  that	  single	  mutants	  of	  F381	  and	  F383	  and	  the	  F381/F383	  double	  mutant	  
were	  the	  best	  candidates	  for	  active	  site	  engineering.	  PyMOL	  modeling	  of	  the	  glycine	  
mutations	  suggested	  that	  they	  might	  create	  large	  pockets	  in	  the	  active	  site	  (Figure	  
4-‐20).	  However,	  we	  were	  concerned	  that	  glycine	  might	  destabilize	  the	  peptide	  
backbone	  and	  hence	  destabilize	  ligand	  binding.	  Therefore,	  we	  developed	  a	  panel	  of	  
mutants	  with	  both	  alanine	  and	  glycine	  substitutions	  including	  F381G,	  F381A,	  
F383G,	  F383A,	  F381G/F383G,	  F381A/F383A.	  With	  the	  expression	  construct	  of	  
AGX1-‐F383G	  provided	  by	  the	  Kohler	  lab,	  we	  introduced	  a	  C-‐terminal	  FLAG	  tag	  and	  
generated	  wildtype	  AGX1	  and	  all	  aforementioned	  AGX1	  mutants.	  
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Figure	  4-‐20.	  Modeling	  of	  AGX1	  and	  mutants.	  Space-‐filling	  interactions	  of	  residues	  within	  
5	  angstroms	  of	  UDP-‐GlcNAc	  are	  shown.	  F381	  (cyan)	  and	  F383	  (pink)	  are	  shown	  flanking	  the	  
C8	  methyl	  group	  (red)	  on	  the	  N-‐acyl	  side	  chain	  (green)	  of	  UDP-‐GlcNAc	  (blue).	  PDB	  ID	  1JV1.	  

Transient	  transfection	  of	  HEK	  cells	  with	  these	  plasmids,	  followed	  by	  feeding	  
Ac3GalNAzMe(S)-‐1P(SATE)2	  resulted	  in	  the	  production	  of	  UDP-‐GalNAzMe(S)	  by	  the	  
F383A	  mutant	  (Figure	  4-‐21).	  Although	  these	  results	  were	  reproducible,	  we	  
observed	  that	  the	  F383A	  mutant	  was	  expressed	  at	  much	  higher	  levels	  than	  the	  other	  
mutants,	  and	  at	  moderately	  higher	  levels	  than	  the	  exogenously	  expressed	  wildtype	  
enzyme	  (see	  Experimental,	  Figure	  4-‐24).	  This	  may	  be	  due	  to	  improved	  stability	  of	  
the	  F383A	  mRNA	  or	  protein,	  or	  this	  result	  could	  be	  caused	  by	  factors	  that	  are	  not	  
intrinsic	  to	  the	  mutant	  itself.	  We	  have	  recently	  developed	  stable	  cell	  lines	  expressing	  
the	  wildtype	  and	  F383A	  mutants	  in	  an	  effort	  to	  equalize	  protein	  expression	  during	  
the	  analysis	  of	  UDP	  sugar	  formation.	  
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Figure	  4-‐21.	  Ac3GalNAzMe(S)-‐1P(SATE)2	  is	  converted	  to	  UDP-‐GalNAzMe(S)	  by	  AGX1-‐
F383A.	  

Upon	  establishing	  the	  bump-‐hole	  pair	  and	  cellular	  delivery	  of	  the	  UDP-‐sugars,	  we	  
are	  continuing	  our	  studies	  of	  the	  bump-‐hole	  technology	  in	  cellulo.	  For	  these	  
validation	  experiments,	  we	  are	  focusing	  on	  the	  ppGalNAcT2	  bump-‐hole	  pair,	  due	  to	  
the	  wide	  body	  of	  literature	  regarding	  its	  protein	  substrates2a,	  23.	  As	  described	  in	  
Chapter	  2,	  we	  are	  finalizing	  cloning	  of	  full-‐length	  wildtype	  and	  mutant	  ppGalNAcT2.	  
We	  will	  then	  transiently	  transfect	  the	  stable	  HEK	  293T	  cell	  lines	  expressing	  AGX1-‐
F383A	  with	  full-‐length	  ppGalNAcT2.	  Ac3GalNAzMe(S)-‐1P(SATE)2	  will	  be	  delivered	  
to	  the	  cells.	  Cell-‐surface	  glycoproteins	  containing	  azides	  will	  be	  labeled	  by	  treating	  
live	  cells	  with	  a	  cyclooctyne-‐biotin	  conjugate,	  followed	  by	  lysis	  and	  western	  blot	  
analysis.	  	  
	  
Ideally,	  the	  UDP-‐GalNAc	  analog	  continues	  to	  behave	  as	  if	  it	  is	  fully	  orthogonal,	  such	  
that	  signal	  only	  arises	  in	  the	  presence	  of	  both	  mutant	  enzyme	  and	  substrate	  analog.	  
The	  wildtype	  and	  engineered	  ppGalNAcT2	  should	  both	  process	  UDP-‐GalNAz,	  so	  
Ac4GalNAz	  will	  serve	  as	  a	  positive	  controls.	  We	  will	  also	  employ	  the	  appropriate	  
wildtype	  controls	  for	  both	  ppGalNAcT2	  and	  AGX1	  to	  validate	  the	  results	  with	  
Ac3GalNAzMe(S)-‐1P(SATE)2.	  To	  probe	  the	  molecular	  details	  of	  bump-‐hole	  
orthogonality,	  we	  will	  use	  the	  cell	  lysates	  generated	  in	  these	  experiments	  to	  enrich	  
the	  biotinylated	  proteins,	  trypsonize,	  and	  analyze	  the	  peptides	  by	  mass	  
spectrometry.	  This	  will	  result	  in	  a	  list	  of	  glycoproteins	  that	  are	  glycosylated	  by	  the	  
engineered	  T2,	  which	  we	  can	  compare	  with	  substrates	  for	  wildtype	  ppGalNAcT2	  
that	  have	  been	  either	  1)	  previously	  identified	  through	  the	  SimpleCell	  proteomics	  
screening2a,	  2)	  biochemically	  validated,	  or	  3)	  identified	  for	  the	  first	  time.	  
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Figure	  4-‐22.	  Application	  of	  the	  bump-‐hole	  pair	  to	  glycoproteomics	  

4.4.4.	  Confirm	  ppGalNAcT	  specificity	  is	  conserved	  with	  a	  peptide	  library	  

Previous	  work	  has	  established	  ppGalNAcT2	  preferences	  for	  peptide	  primary	  
sequences14,53,203-‐205,	  and	  the	  Bertozzi	  lab	  has	  used	  UDP-‐GalNAz	  to	  evaluate	  
preferences	  for	  various	  glycoforms	  of	  EA2	  peptide13.	  Using	  a	  library	  of	  oriented	  
random	  peptide	  substrates,	  Gerken	  and	  colleagues	  have	  shown	  that	  substrate	  
preferences	  are	  highly	  conserved	  between	  Drosophila	  and	  mammalian	  ppGalNAcT	  
orthologs,	  particularly	  for	  ppGalNAcT2	  203,204.	  This	  suggests	  that	  it	  will	  be	  possible	  
to	  diagnose	  changes	  in	  acceptor	  substrate	  profiles	  for	  mutant	  ppGalNAcT2.	  The	  
deviation	  by	  the	  bump-‐hole	  pair	  from	  the	  preferences	  of	  wildtype	  ppGalNAcT2	  will	  
be	  evaluated,	  and	  if	  necessary,	  we	  may	  return	  to	  find	  another	  bump-‐hole	  pair.	  
	  
We	  have	  considered	  three	  approaches	  to	  evaluating	  the	  substrate	  preferences	  of	  the	  
candidate	  bump-‐hole	  pair.	  First,	  we	  are	  engaged	  in	  a	  collaboration	  with	  Thomas	  
Gerken	  and	  a	  graduate	  student	  in	  his	  lab,	  Leslie	  Revoredo.	  We	  have	  provided	  them	  
with	  purified	  wildtype	  and	  double	  mutant	  ppGalNAcT2,	  as	  well	  as	  UDP-‐GalNAz	  and	  
UDP-‐GalNAzMe(S).	  They	  will	  be	  comparing	  the	  substrate	  preference	  of	  the	  double	  
mutant	  and	  UDP-‐GalNAzMe(S)	  to	  the	  preferences	  of	  the	  native	  pair.	  They	  will	  be	  
using	  the	  same	  technique	  as	  described	  by	  Perrine	  et	  al.,	  where	  a	  huge	  number	  of	  
peptides	  are	  screened	  in	  one	  pot,	  azido-‐glycopeptides	  are	  enriched,	  and	  preferred	  
sequences	  are	  identified	  by	  Edman	  sequencing53.	  A	  randomized	  peptide	  library	  that	  
has	  been	  previously	  evaluated	  with	  ppGalNAcT2	  will	  be	  used	  to	  determine	  whether	  
the	  same	  categories	  of	  peptides	  are	  selected	  by	  the	  bump	  hole	  pair.	  
	  
It	  is	  also	  possible	  to	  use	  a	  smaller	  library	  of	  known	  substrates	  and	  to	  evaluate	  them	  
one	  by	  one	  in	  an	  azido-‐ELISA	  format	  or	  using	  the	  mass	  spectrometry	  screen	  
described	  in	  Chapter	  4.1.	  Among	  the	  unglycosylated	  peptides	  of	  interest,	  most	  are	  
available	  commercially,	  and	  our	  lab	  has	  access	  to	  the	  glycosylated	  EA2	  library	  
synthesized	  by	  Pratt	  and	  colleagues13.	  
	  
Finally,	  when	  we	  carry	  out	  a	  glycoproteomics	  study	  in	  cells,	  we	  plan	  to	  compare	  our	  
hits	  to	  the	  lists	  generated	  with	  SimpleCells	  (SC)	  and	  SC/ppGalNAcT2-‐/-‐	  cells	  
developed	  by	  Clausen	  and	  colleagues83.	  
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4.5.	  Future	  Directions	  

4.5.1.	  Measure	  KM	  and	  VMAX	  for	  bump-‐hole	  pair	  with	  a	  model	  peptide	  substrate	  

Our	  group	  has	  previously	  measured	  kinetic	  parameters	  for	  ppGalNAcT	  activity	  with	  
UDP-‐GalNAc	  and	  UDP-‐GalNAz	  and	  the	  acceptor	  peptide	  EA2	  biotin	  using	  an	  ELISA	  
format6,80.	  In	  these	  experiments,	  a	  dilution	  series	  of	  UDP-‐sugar	  was	  assayed	  against	  
the	  KM	  concentration	  of	  acceptor	  peptide	  and	  a	  fixed	  concentration	  of	  enzyme6.	  The	  
reactions	  were	  allowed	  to	  proceed	  to	  approximately	  20%	  completion	  and	  were	  
stopped	  with	  the	  addition	  of	  EDTA6,80.	  Because	  crude	  conditioned	  medium	  from	  
COS-‐7	  cells	  transiently	  expressing	  ppGalNAcTs	  was	  the	  enzyme	  source,	  the	  enzyme	  
concentration	  was	  standardized	  but	  not	  measured	  quantitatively6.	  Therefore	  VMAX	  
was	  reported	  in	  units	  of	  µM/min,	  which	  corresponded	  to	  KM	  concentrations	  of	  UDP-‐
sugar	  in	  µM6,80.	  	  
	  
One	  significant	  disadvantage	  of	  this	  assay	  for	  the	  evaluation	  of	  enzyme	  kinetic	  is	  
that	  the	  glycan	  modification	  must	  be	  detected	  differently	  for	  the	  native	  versus	  
analog	  donor	  substrates.	  Detection	  of	  glycopeptides	  with	  or	  without	  a	  chemical	  
handle	  demands	  a	  GalNAc-‐specific	  lectin	  and	  the	  Staudinger	  ligation,	  respectively,	  
which	  precludes	  direct	  comparison	  of	  kinetic	  parameters6,80,84.	  	  
	  
The	  LC-‐MS	  assay	  described	  in	  this	  chapter	  has	  proven	  robust	  to	  different	  reaction	  
parameters	  and	  UDP-‐GalNAc	  analogs.	  Therefore,	  it	  will	  be	  used	  to	  monitor	  
glycosylation	  of	  acceptor	  peptide	  over	  a	  three	  hour	  time	  course	  at	  multiple	  
concentrations	  of	  UDP-‐sugar,	  with	  saturating	  EA2	  peptide	  and	  a	  fixed	  concentration	  
of	  enzyme.	  These	  values	  can	  be	  used	  to	  generate	  initial	  velocity	  curves,	  from	  which	  
VMAX,	  KM,	  and	  kcat	  can	  be	  extrapolated.	  Parameters	  obtained	  from	  these	  studies	  will	  
be	  compared	  to	  the	  literature	  values	  for	  the	  native	  pair.	  

4.5.2.	  Known	  substrates:	  ANGPTL3	  

We	  predict	  that	  ANGPTL3,	  a	  known	  substrate	  of	  ppGalNAcT2	  and	  a	  protein	  that	  
positively	  correlates	  with	  HDL	  levels,	  will	  be	  glycosylated	  by	  engineered	  hT2.	  
Although	  its	  glycosylation	  serves	  to	  protect	  against	  protein	  degradation,	  
glycosylation	  site	  identification	  has	  proven	  troublesome.	  A	  single	  ppGalNAcT2-‐
targeted	  glycosylation	  site	  has	  been	  found	  in	  a	  study	  using	  small	  peptides	  that	  
covered	  putative	  glycosylation	  sites70.	  This	  specific	  site	  has	  not	  yet	  been	  verified	  on	  
full-‐length	  proteins	  or	  in	  vivo83.	  We	  aim	  to	  identify	  ANGPTL3	  glycosylation	  sites	  by	  
expressing	  ANGPTL3	  with	  a	  FLAG	  tag	  in	  cells	  along	  with	  mutant	  ppGalNAcT2	  and	  its	  
optimized	  UDP-‐GalNAc	  analog.	  The	  azido-‐glycosylated	  protein	  will	  be	  labeled	  with	  a	  
cleavable	  biotinylated	  probe,	  isolated	  by	  immunoprecipitation,	  and	  evaluated	  by	  
MS/MS	  proteomics30.	  
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4.5.3.	  Late	  transferases:	  Discover	  mechanisms	  of	  cancer	  metastases	  by	  
engineering	  ppGalNAcT7	  

After	  establishing	  the	  bump-‐hole	  technology	  as	  a	  method	  to	  selectively	  label	  
glycoproteins	  modified	  by	  a	  specific	  ppGalNAcT,	  we	  will	  focus	  on	  a	  proteome-‐level	  
discovery	  of	  the	  protein	  targets	  of	  human	  ppGalNAcT7.	  This	  transferase	  is	  
upregulated	  in	  human	  cervical	  carcinoma	  and	  is	  regulated	  by	  microRNAs	  whose	  
aberrant	  expression	  in	  cervical	  cancer	  lines	  and	  human	  melanoma	  enhances	  
metastatic	  behavior	  in	  cells,	  animal	  models,	  and	  human	  disease206,207.	  Changes	  in	  
microRNA	  levels	  directly	  alter	  hT7	  expression,	  which	  leads	  to	  phenotypic	  changes	  
that	  can	  be	  reversed	  by	  tuning	  hT7	  levels,	  indicating	  that	  hT7	  plays	  a	  key	  role	  in	  
invasiveness	  of	  cervical	  cancer	  and	  melanoma.	  However,	  it	  is	  of	  note	  that	  hT7	  and	  
downstream	  protein	  glycosylation	  may	  play	  dissimilar	  roles	  in	  these	  cancers.	  
Overexpression	  of	  hT7	  resulted	  in	  pro-‐metastatic	  behavior	  in	  HeLa	  and	  C33A	  
cervical	  cancer	  cells207.	  In	  contrast,	  repression	  of	  hT7	  in	  primary	  melanoma	  cells	  
WM35	  and	  WM98	  induced	  metastasis,	  and	  overexpression	  of	  ppGalNAcT7	  in	  a	  
mouse	  model	  of	  melanoma	  to	  lung	  cancer	  metastasis	  reduced	  metastatic	  
potential206.	  	  
	  
To	  unravel	  the	  mechanism	  of	  T7	  in	  metastasis,	  bump-‐hole	  methodology	  is	  critical	  
for	  identifying	  the	  protein	  targets	  of	  T7.	  T7	  is	  a	  family	  member	  that	  prefers	  GalNAc-‐
glycopeptides,	  so	  it	  is	  predicted	  to	  act	  on	  previously	  glycosylated	  proteins.	  This	  
poses	  analytical	  challenges	  to	  all	  current	  methods	  of	  unbiased	  ppGalNAcT	  protein	  
substrate	  screening.	  Although	  the	  first	  proteomics	  screen	  for	  ppGalNAcT	  protein	  
substrates	  was	  made	  possible	  with	  the	  truncated	  O-‐GalNAc	  glycans	  found	  in	  
SimpleCell	  technology,	  this	  technology	  requires	  the	  detection	  of	  an	  absence	  of	  
signal.	  For	  a	  glycoprotein-‐preferring	  ppGalNAcT,	  the	  knockout	  system	  must	  
compete	  with	  all	  other	  sites	  of	  O-‐GalNAc	  glycosylation	  from	  the	  early-‐acting	  
ppGalNAcTs.	  In	  contrast,	  the	  bump-‐hole	  pair	  enables	  selective	  enrichment	  of	  T7	  
modified	  glycoproteins	  independent	  of	  modification	  site,	  degree	  of	  glycosylation,	  or	  
other	  ppGalNAcTs	  involved.	  	  
	  
We	  will	  engineer	  a	  hT7	  bump-‐hole	  pair	  using	  the	  active	  site	  mutations	  and	  UDP-‐
GalNAc	  analogs	  developed	  in	  this	  work.	  DNA	  will	  be	  introduced	  to	  relevant	  tumor	  
cell	  lines:	  HeLa	  and	  C33A	  for	  cervical	  carcinoma	  and	  WM35	  and	  WM98	  for	  
melanoma.	  Creating	  cell	  lines	  that	  replace	  native	  ppGalNAcT7	  with	  the	  mutant	  T7	  
should	  enhance	  the	  signal-‐to-‐noise	  ratio	  and	  improve	  the	  accuracy	  of	  protein	  and	  
site	  IDs.	  To	  this	  end,	  we	  will	  use	  the	  CRISPR/Cas9	  platform	  pioneered	  at	  UC	  
Berkeley	  to	  knock	  out	  the	  endogenous	  ppGalNAcT7	  gene	  (GALNT7)	  and	  replace	  it	  
with	  a	  GALNT7	  mutant	  and	  GFP	  transgene.	  With	  engineered	  cells	  in	  hand,	  we	  will	  
confirm	  that	  the	  bump-‐hole	  pair	  can	  recapitulate	  native	  cell	  migration	  and	  
invasiveness	  using	  a	  Transwell	  migration	  assay206,207.	  As	  the	  engineered	  
ppGalNAcT7	  should	  not	  recognize	  UDP-‐GalNAc,	  cells	  should	  behave	  as	  a	  T7	  
knockout	  that	  can	  be	  rescued	  by	  the	  UDP-‐GalNAc	  analog.	  Finally,	  we	  can	  regulate	  
the	  expression	  of	  ppGalNAcT7	  in	  these	  cells	  by	  altering	  the	  levels	  of	  the	  relevant	  
microRNAs,	  and	  use	  the	  UDP-‐GalNAc	  analog	  to	  monitor	  differential	  glycosylation	  as	  
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cells	  undergo	  changes	  in	  metastatic	  potential.	  Azido-‐glycoproteins	  will	  be	  labeled	  
with	  a	  biotin	  affinity	  handle,	  enriched,	  and	  analyzed	  by	  mass	  spectrometry.	  These	  
data	  will	  include	  a	  list	  of	  proteins	  with	  altered	  glycosylation	  in	  the	  metastatic	  and	  
non-‐metastatic	  state	  that	  arises	  from	  ppGalNAcT7	  glycosylation.	  

4.5.4.	  Animal	  studies:	  Identify	  T2	  substrates	  involved	  in	  HDL	  and	  triglyceride	  
metabolism	  

Due	  to	  the	  challenges	  associated	  with	  UDP-‐sugar	  delivery,	  in	  order	  to	  apply	  the	  
bump-‐hole	  pair	  in	  a	  living	  system,	  the	  first	  logical	  step	  is	  to	  take	  advantage	  of	  the	  
Bertozzi	  lab’s	  experience	  injecting	  nucleotide	  sugars	  into	  zebrafish	  embryos17,20.	  By	  
co-‐injecting	  the	  UDP-‐GalNAc	  analog	  and	  RNA	  encoding	  the	  modified	  ppGalNAcT2	  
into	  a	  zebrafish	  embryo	  at	  the	  1-‐cell	  stage,	  it	  will	  be	  possible	  to	  administer	  the	  
bump-‐hole	  pair	  to	  all	  cells	  in	  the	  developing	  animal.	  
	  
Genome-‐wide	  association	  studies	  in	  humans	  have	  identified	  a	  correlation	  between	  
ppGalNAcT2	  and	  blood	  levels	  of	  both	  high-‐density	  lipoprotein	  (HDL)	  cholesterol	  
and	  triglycerides208.	  The	  locus	  identified	  is	  an	  intronic	  region	  of	  ppGalNAcT2,	  which	  
suggests	  that	  it	  may	  be	  involved	  in	  regulating	  ppGalNAcT2	  expression208,209.	  As	  a	  
glycosyltransferase,	  it	  has	  been	  hypothesized	  that	  ppGalNAcT2	  modifies	  proteins	  
involved	  in	  lipid	  metabolism	  and	  that	  this	  glycosylation	  helps	  regulate	  HDL	  and	  
triglyceride	  levels.	  Normally,	  HDL	  cholesterol	  plays	  a	  protective	  role	  and	  is	  
antiatherogenic,	  while	  triglycerides	  are	  atherogenic209-‐211.	  Recent	  studies	  in	  the	  
mouse	  model	  indicate	  a	  role	  for	  ppGalNAcT2	  in	  mediating	  plasma	  HDL	  cholesterol	  
levels209.The	  authors	  demonstrated	  that	  liver-‐specific	  overexpression	  of	  the	  
GALNT2	  gene	  significantly	  lowered	  HDL	  levels,	  while	  RNA-‐mediated	  knockdown	  of	  
the	  GALNT2	  gene	  in	  liver	  resulted	  in	  higher	  plasma	  HDL	  levels209.	  These	  results	  are	  
intriguing,	  but	  in	  the	  absence	  of	  unambiguously	  identified	  substrates	  of	  a	  single	  
ppGalNAcT,	  it	  is	  challenging	  to	  confirm	  the	  role	  of	  ppGalNAcT2	  in	  the	  glycosylation	  
of	  proteins	  that	  regulate	  plasma	  lipid	  levels.	  
	  
The	  bump-‐hole	  technique	  enables	  the	  direct	  identification	  of	  substrates	  of	  
ppGalNAcT2.	  We	  propose	  the	  application	  of	  this	  technique	  to	  the	  targeted	  
examination	  of	  major	  proteins	  involved	  in	  HDL	  cholesterol	  and	  triglyceride	  
metabolism.	  The	  most	  abundant	  protein	  components	  of	  the	  HDL	  particle	  are	  
apolipoproteins	  A-‐I	  (apo	  A-‐I)	  and	  A-‐II	  (apo	  A-‐II).	  Less	  abundant	  protein	  components	  
of	  the	  HDL	  particle	  include	  apo	  A-‐IV,	  apo	  C-‐I,	  apo	  C-‐II,	  apo	  C-‐III,	  apo	  E,	  apo	  M,	  serum	  
amyloid	  A,	  and	  serum	  amyloid	  A-‐IV,	  among	  others212.	  During	  phases	  of	  
triglyceridemia,	  HDL	  particles	  sequester	  and	  regulate	  levels	  of	  apo	  C-‐II,	  the	  activator	  
protein	  for	  lipoprotein	  lipase213.	  Other	  proteins	  that	  interact	  with	  HDL	  cholesterol	  
include	  lecithin-‐cholesterol	  acyltransferase,	  the	  enzyme	  responsible	  for	  
esterification	  of	  plasma	  cholesterol	  for	  which	  HDL	  is	  a	  substrate213.	  Finally,	  the	  class	  
B	  scavenger	  receptor	  SR-‐BI	  acts	  as	  the	  HDL	  receptor214.	  	  
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O-‐linked	  glycosylation	  is	  a	  common	  modification	  of	  apolipoproteins215.	  In	  particular,	  
studies	  have	  shown	  that	  O-‐glycosylation	  of	  apo	  A-‐II	  alters	  its	  association	  with	  HDL	  
particles215.	  Additionally,	  abnormal	  HDL	  particles	  resulting	  from	  non-‐enzymatic	  
glycation	  of	  apo	  A-‐I	  may	  contribute	  to	  atherosclerosis211,216.	  Proteomic	  analysis	  of	  
the	  protein	  components	  of	  HDL	  particles	  indicates	  that	  apo	  A-‐I	  and	  A-‐II	  both	  occur	  
as	  multiple	  glycoforms,	  and	  that	  some	  of	  these	  glycoforms	  differ	  between	  types	  of	  
HDL	  particles212.	  Apo	  C-‐III	  is	  also	  a	  component	  of	  very	  low	  density	  lipoprotein	  
(VLDL)	  and	  is	  O-‐glycosylated	  only	  at	  the	  residue	  Thr-‐94217.	  These	  data	  suggest	  that	  
it	  may	  be	  possible	  to	  identify	  a	  role	  for	  ppGalNAcT2	  in	  the	  O-‐glycosylation	  of	  
apolipoproteins	  that	  interact	  with	  HDL.	  
	  
In	  future	  experiments,	  the	  bump-‐hole	  pair	  will	  be	  injected	  into	  early	  zebrafish	  
embryos	  as	  described	  above.	  After	  developing	  for	  a	  few	  days,	  the	  fish	  will	  be	  
sacrificed	  and	  the	  cells	  harvested.	  Upon	  cell	  lysis,	  tagged	  glycoproteins	  will	  be	  
isolated	  by	  reaction	  with	  a	  biotin	  probe	  followed	  by	  streptavidin	  purification	  and	  
elution.	  Immunoprecipitated	  proteins	  will	  be	  analyzed	  by	  SDS-‐PAGE	  and	  
immunoblotting	  using	  anti-‐biotin	  antibodies	  in	  parallel	  with	  available	  antibodies	  
against	  the	  different	  apolipoproteins	  described	  above.	  If	  positive	  hits	  are	  identified,	  
further	  validation	  will	  be	  carried	  out,	  including	  treatment	  to	  remove	  O-‐glycans	  from	  
purified	  proteins	  prior	  to	  western	  blot	  analysis.	  O-‐glycan	  removal	  would	  be	  
expected	  to	  eliminate	  signal	  from	  the	  protein	  of	  interest	  on	  an	  anti-‐biotin	  blot,	  while	  
leaving	  the	  anti-‐apolipoprotein	  signal	  intact.	  If	  positive	  hits	  are	  not	  identified,	  
antibodies	  against	  other	  classes	  of	  proteins	  that	  interact	  with	  HDL	  cholesterol	  and	  
triglycerides	  will	  next	  be	  interrogated.	  
	  
The	  Rader	  lab	  at	  the	  University	  of	  Pennsylvania	  is	  expert	  in	  factors	  that	  regulate	  the	  
function	  and	  metabolism	  of	  plasma	  lipoproteins.	  They	  are	  interested	  in	  applying	  our	  
techniques	  to	  their	  research,	  and	  we	  have	  discussed	  a	  collaboration	  with	  their	  group	  
to	  study	  ppGalNAcT2	  substrates	  in	  the	  mouse	  liver.	  Independent	  of	  a	  collaboration,	  
their	  expertise	  might	  be	  of	  significant	  value	  while	  screening	  apolipoprotein	  targets	  
in	  zebrafish.	  Additionally,	  the	  potential	  application	  of	  the	  bump-‐hope	  technique	  in	  
this	  context	  could	  be	  very	  powerful.	  They	  have	  previously	  used	  viral	  vectors	  to	  
overexpress	  and	  knockdown	  GALNT2	  in	  the	  mouse	  liver209.	  With	  their	  expertise,	  we	  
may	  be	  able	  to	  explore	  application	  of	  the	  engineered	  hT2	  and	  UDP-‐GalNAc	  analog	  in	  
a	  biologically	  relevant	  model.	  	  
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4.6.	  Experimental	  

4.6.1.	  General	  

All	  chemical	  reagents	  were	  analytical	  grade	  and	  commercially	  available,	  unless	  
otherwise	  noted.	  Organic	  reactions	  were	  performed	  in	  oven-‐dried	  reaction	  vessels	  
under	  an	  N2	  atmosphere,	  and	  liquid	  reagents	  were	  added	  with	  a	  dry	  needle	  unless	  
otherwise	  noted.	  Sealed	  bottles	  of	  anhydrous	  methanol	  and	  anhydrous	  pyridine	  
were	  purchased	  from	  Alfa	  Aesar	  and	  Acros	  Organics,	  respectively.	  All	  other	  solvents	  
were	  purified	  as	  described	  by	  Pangborn	  et	  al.48	  Organic	  extracts	  were	  dried	  with	  
MgSO4	  and	  solvent	  was	  removed	  with	  a	  rotary	  evaporator	  at	  reduced	  pressure.	  
Flash	  chromatography	  was	  carried	  out	  with	  Silicycle	  SiliaFlash	  P60	  230-‐400	  mesh	  
silica	  gel	  according	  to	  the	  procedure	  described	  by	  Still	  et	  al.49	  Thin	  layer	  
chromatography	  was	  carried	  out	  with	  Silicycle	  250	  micron	  60	  Å	  glass	  back	  silica	  gel	  
plates	  and	  visualized	  with	  p-‐anisaldehyde	  or	  ninhydrin	  staining	  or	  by	  absorbance	  of	  
UV	  light	  at	  245	  nm.	  	  
	  
Reverse	  phase-‐HPLC	  was	  performed	  using	  a	  modular	  Varian	  Prostar	  HPLC	  system	  
with	  210	  and	  254	  nm	  detection	  on	  a	  Microsorb	  C18	  Dynamax	  semi-‐preparative	  
column	  (10	  x	  250	  mm)	  at	  a	  flow	  rate	  of	  4	  mL/min	  or	  preparative	  column	  (21.4	  x	  250	  
mm)	  at	  a	  flow	  rate	  of	  20	  mL/min.	  Bio-‐Gel	  P-‐2	  Gel	  was	  from	  BioRad.	  1H,	  13C,	  and	  31P	  
NMR	  spectra	  were	  obtained	  with	  AVQ-‐400,	  AVB-‐400,	  DRX-‐500,	  AV-‐500	  or	  AV-‐600	  
Bruker	  spectrometers.	  Chemical	  shifts	  (δ)	  are	  reported	  in	  parts	  per	  million	  
referenced	  to	  the	  solvent	  peak	  and	  coupling	  constants	  (J)	  are	  reported	  in	  Hz.	  High	  
resolution	  electrospray	  ionization	  (ESI)	  mass	  spectra	  were	  obtained	  from	  the	  UC	  
Berkeley	  Mass	  Spectrometry	  Facility.	  
	  
All	  biological	  reagents	  were	  molecular	  biology	  or	  cell	  culture	  grade	  and	  from	  
commercial	  sources,	  unless	  otherwise	  specified.	  Chemically	  competent	  E.	  coli	  strain	  
One	  Shot	  Top10	  and	  S.O.C.	  medium	  were	  purchased	  from	  Invitrogen.	  Bacteria	  
were	  grown	  in	  LB	  broth	  (Lennox	  L	  Broth	  Base,	  Invitrogen)	  supplemented	  with	  100	  
μg/mL	  ampicillin	  (LB/amp)	  or	  50	  μg/mL	  kanamycin	  (LB/kan)	  and	  grown	  on	  
LB/amp	  or	  LB/kan	  agar	  plates.	  The	  Plasmid	  Midi	  and	  Maxi	  kits	  were	  from	  QIAGEN.	  	  
	  
DpnI	  and	  T4	  DNA	  ligase	  were	  purchased	  from	  New	  England	  Biolabs	  (NEB).	  PfuUltra	  
II	  Fusion	  HS	  DNA	  polymerase	  was	  from	  Agilent.	  1	  Kb	  and	  100	  bp	  DNA	  ladders	  were	  
from	  Invitrogen.	  DNA	  Clean	  and	  Concentrator™-‐5,	  Zyppy™	  Plasmid	  Miniprep	  Kit,	  
and	  Zymoclean™	  Gel	  DNA	  Recovery	  kit	  were	  from	  Zymo	  Research.	  Elim	  
Biopharmaceuticals,	  Inc	  (Hayward,	  CA)	  synthesized	  all	  primers	  and	  performed	  all	  
plasmid	  DNA	  sequencing.	  	  

	  
Dulbecco’s	  Modified	  Eagle	  Medium	  with	  high	  glucose	  (DMEM),	  Dulbecco’s	  
Phosphate-‐Buffered	  Saline	  without	  Calcium	  or	  Magnesium	  (DPBS),	  and	  
Penicillin/Streptomycin	  were	  purchased	  from	  Hyclone.	  Fetal	  bovine	  serum	  (FBS)	  
was	  obtained	  from	  Omega	  Scientific	  and	  0.25%	  trypsin/EDTA	  and	  Opti-‐MEM®	  
Reduced	  Serum	  Medium	  were	  purchased	  from	  Invitrogen.	  TransIT®-‐293	  
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Transfection	  Reagent	  was	  obtained	  from	  Mirus	  Bio.	  COmplete	  EDTA-‐free	  Protease	  
inhibitor	  cocktail	  tablets	  were	  purchased	  from	  Roche.	  	  
	  
Criterion™	  XT	  Bis-‐Tris	  Precast	  gels,	  XT-‐MES	  Running	  Buffer,	  nitrocellulose	  
membrane	  (0.45	  micron),	  Precision	  Plus	  Protein™	  Kaleidoscope™	  Prestained	  
Standards	  (10-‐250	  kDa),	  and	  Kaleidoscope™	  Prestained	  Standards	  (7.6-‐216	  kDa)	  
were	  obtained	  from	  BioRad.	  SuperSignal	  West	  Pico	  Chemilluminescent	  Substrate	  
was	  purchased	  from	  Fisher	  Scientific.	  Rabbit	  polyclonal	  anti-‐AGX1	  (UAP1)	  was	  from	  
GeneTex	  (Cat.	  GTX103592).	  Goat	  anti-‐Rabbit	  IgG-‐HRP	  (human	  adsorbed)	  was	  from	  
Southern	  Biotech	  (Cat.	  4010).	  AF647	  conjugated	  Goat	  anti-‐Mouse	  IgG	  H+L	  was	  from	  
Abcam	  (Cat.	  Ab150119)	  
	  
MacPyMOL	  was	  used	  to	  model	  the	  crystal	  structure	  of	  AGX1	  (PDB	  1JVI).	  	  

4.6.2.	  General	  Methods	  

Manufacturer	  recommended	  protocols	  for	  Zymo	  Research	  kits	  were	  subject	  to	  the	  
following	  modifications:	  Prior	  to	  elution,	  spin	  columns	  were	  dried	  by	  centrifugation	  
at	  maximum	  speed	  for	  2	  min.	  DNA	  was	  eluted	  with	  water	  added	  directly	  to	  the	  filter,	  
followed	  by	  1	  min	  incubation	  and	  1	  min	  centrifugation	  at	  maximum	  speed).	  	  
	  
DNA	  was	  quantitated	  using	  a	  Nanodrop	  2000	  UV-‐vis	  spectrophotometer.	  	  
	  
DNA	  samples	  were	  pre-‐mixed	  for	  sequencing:	  500	  ng	  plasmid	  DNA,	  8	  pM	  primer,	  15	  
μL	  total	  in	  water.	  
	  
Human	  Embryonic	  Kidney	  (HEK)	  293T	  cells	  (ATCC)	  were	  maintained	  in	  a	  5	  %	  CO2,	  
water-‐saturated	  atmosphere	  at	  37	  °C	  in	  DMEM	  supplemented	  with	  10	  %	  FBS,	  
penicillin	  (100	  U/mL),	  and	  streptomycin	  (0.1	  mg/mL).	  Adherent	  cell	  densities	  were	  
maintained	  between	  1	  x	  105	  and	  2	  x	  106	  cells.	  

4.6.3.	  General	  Protocol	  1:	  Standard	  PCR	  conditions	  

PCR	  amplifications	  were	  carried	  out	  in	  duplicate	  for	  all	  cloning	  applications	  as	  
recommended	  by	  the	  manufacturer:	  25	  ng	  template	  DNA,	  0.2	  µM	  forward	  primer,	  
0.2	  µM	  reverse	  primer,	  250	  μM	  of	  each	  dNTP,	  3%	  DMSO,	  1x	  PfuUltra	  II	  buffer,	  and	  1	  
µL	  PfuUltra	  II	  Fusion	  HS	  DNA	  polymerase	  in	  a	  final	  reaction	  volume	  of	  50	  μL	  in	  
water.	  	  
	  
PCR	  for	  site-‐directed	  mutagenesis	  was	  carried	  out	  according	  to	  modified	  
QuikChange™	  site-‐directed	  mutagenesis	  protocols	  as	  described	  by	  Zheng	  et	  al.	  
(2004)	  for	  point	  mutations	  and	  Liu	  et	  al.	  (2008)	  for	  insertions	  and	  deletions136,143.	  	  
	  
Thermocycle	  conditions	  were	  95	  °C	  for	  2	  min;	  18	  cycles	  of	  95	  °C	  for	  20	  sec,	  
annealing	  temperature	  for	  20	  sec,	  72	  °C	  extension	  for	  15sec/	  kb;	  72	  °C	  for	  3	  min;	  4	  
°C	  hold.	  For	  primers	  with	  mismatches	  for	  point	  mutations,	  annealing	  temperatures	  
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were	  generally	  55	  °C	  and	  are	  listed	  with	  the	  primers.	  For	  primers	  with	  5’	  overhangs	  
for	  insertions/	  deletions,	  annealing	  temperatures	  were	  generally	  TM	  –	  5	  °C	  
corresponding	  to	  the	  portion	  of	  the	  primer	  designed	  to	  anneal	  to	  the	  template.	  
Amplicon	  size	  and	  extension	  times	  are	  listed	  with	  the	  primers.	  

4.6.4.	  General	  Protocol	  2:	  Standard	  protocol	  for	  bacterial	  cloning	  

Bacterial	  transformations	  for	  cloning	  were	  carried	  out	  in	  One	  Shot®	  Top10	  E.	  coli	  
according	  to	  the	  manufacturer’s	  instructions	  as	  described	  below.	  Modifications	  for	  
specific	  applications	  are	  in	  the	  second	  paragraph.	  Bacteria	  (50	  µL)	  were	  thawed	  on	  
wet	  ice	  for	  10	  min,	  2.5	  –	  125	  ng	  DNA	  was	  added	  based	  on	  the	  application,	  tubes	  
were	  flicked	  gently	  to	  mix,	  and	  E.	  coli	  were	  incubated	  on	  wet	  ice	  for	  25	  min.	  E.	  coli	  
were	  subjected	  to	  heat	  shock	  at	  42	  °C	  for	  30	  sec,	  incubated	  on	  wet	  ice	  2	  min,	  and	  
250	  µL	  rt	  S.O.C.	  medium	  was	  added.	  E.	  coli	  were	  grown	  shaking	  at	  225	  rpm	  at	  37	  °C	  
for	  35	  min	  (AmpR)	  to	  45	  min	  (KanR).	  Based	  on	  the	  application,	  25-‐100	  µL	  E.	  coli	  
were	  spread	  onto	  LB	  agar	  plates	  with	  100	  µg/mL	  ampicillin	  or	  50	  µg/mL	  
kanamycin.	  Plates	  were	  incubated	  at	  37	  °C	  for	  approximately	  16	  h	  and	  then	  stored	  
at	  4	  °C.	  Individual	  colonies	  were	  picked	  and	  used	  to	  inoculate	  5	  mL	  LB	  with	  
antibiotics	  (100	  µg/mL	  ampicillin	  or	  50	  µg/mL	  kanamycin).	  5	  mL	  cultures	  were	  
grown	  shaking	  at	  225	  rpm	  at	  37	  °C	  for	  approximately	  16	  h,	  and	  cells	  were	  pelleted	  
at	  3,650	  x	  g	  at	  4	  °C	  for	  15	  minutes.	  Supernatant	  was	  removed,	  pellets	  were	  flicked	  
and	  then	  suspended	  in	  600	  µL	  water.	  DNA	  was	  extracted	  using	  a	  Zyppy™	  Plasmid	  
Miniprep	  Kit	  according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  
described	  in	  the	  General	  Methods	  (30	  µL	  elution).	  
	  
Quantities	  of	  DNA	  added	  for	  transformations	  and	  the	  volume	  of	  transformed	  E.	  coli	  
plated	  varied	  based	  on	  the	  application.	  When	  plasmid	  DNA	  was	  previously	  purified	  
from	  E.	  coli,	  0.25	  µL	  (25-‐125	  ng	  DNA)	  was	  used	  for	  transformation,	  and	  25-‐35	  µL	  E.	  
coli	  were	  plated.	  When	  plasmid	  DNA	  was	  prepared	  via	  ligation,	  2	  µL	  ligation	  (2.5	  ng	  
DNA)	  was	  used	  for	  transformation,	  and	  100-‐200	  µL	  E.	  coli	  were	  plated.	  When	  
plasmid	  DNA	  was	  prepared	  via	  PCR	  for	  site-‐directed	  mutagenesis,	  2.5	  ng	  DNA	  (0.25-‐
5	  µL)	  was	  used	  for	  transformation,	  and	  100-‐200	  µL	  E.	  coli	  were	  plated.	  

4.6.5.	  General	  Protocol	  3:	  SDS-‐PAGE	  

Samples	  were	  prepared	  by	  adding	  4x	  SDS	  protein	  loading	  buffer	  (final	  
concentrations	  1x	  sodium	  dodecyl	  sulfate,	  2.5	  %	  2-‐mercaptoethanol)	  and	  denatured	  
by	  boiling	  at	  95	  °C	  for	  5	  min.	  Samples	  were	  centrifuged	  at	  maximum	  speed	  for	  15	  
sec	  and	  loaded	  onto	  a	  12	  %	  or	  4-‐12	  %	  Bis-‐Tris	  precast	  gel.	  Electrophoresis	  was	  
carried	  out	  in	  XT-‐MES	  buffer	  (BioRad)	  at	  180	  V	  for	  approximately	  45	  minutes.	  Gels	  
were	  rinsed	  briefly	  with	  water	  following	  electrophoresis.	  

4.6.6.	  General	  Protocol	  4:	  Western	  blotting	  

For	  western	  blotting,	  proteins	  were	  transferred	  from	  an	  SDS-‐PAGE	  gel	  to	  a	  
nitrocellulose	  membrane	  in	  Tris/Glycine	  buffer	  (BioRad,	  20%	  MeOH)	  at	  50V	  for	  2	  h.	  
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The	  membrane	  was	  incubated	  in	  Ponceau	  total	  protein	  stain	  (0.2%	  Ponceau,	  3%	  
acetic	  acid)	  for	  5	  min,	  rinsed	  with	  water,	  and	  imaged.	  The	  membrane	  was	  blocked	  
with	  5%	  bovine	  serum	  albumin	  in	  TBST	  (25	  mM	  Tris-‐Cl	  pH	  7.4,	  150	  mM	  NaCl,	  0.1%	  
TWEEN-‐20)	  mixing	  at	  rt	  for	  30	  min.	  The	  blocking	  solution	  was	  discarded,	  antibody	  
(diluted	  in	  5%	  milk/TBST)	  was	  added,	  and	  it	  was	  incubated	  mixing	  overnight	  at	  4	  
°C.	  The	  blot	  was	  rinsed	  3	  x	  with	  TBST	  for	  10	  min.	  The	  blot	  was	  imaged	  with	  an	  HRP	  
detection	  kit.	  	  

4.6.7.	  General	  Protocol	  5:	  Standard	  HPAEC	  protocol	  

Samples	  were	  analyzed	  by	  High	  Performance	  Anion	  Exchange	  Chromatography	  with	  
Pulsed	  Amperometric	  Detection	  (HPAEC-‐PAD).	  Four	  solvent	  compositions	  were	  
prepared	  (A:	  MQ;	  B:	  1	  mM	  NaOH	  in	  MQ;	  C:	  1M	  NaOH	  in	  MQ;	  D:	  1	  mM	  NaOH,	  1M	  
NaOAc	  in	  MQ)	  by	  first	  degassing	  the	  MQ	  under	  vacuum	  in	  a	  sonication	  bath	  for	  25	  
minutes	  and	  subsequent	  addition	  of	  the	  additives.	  The	  gradient	  used	  for	  HPAEC	  
was:	  0	  min	  (A:	  0;	  B:	  95;	  C:	  0;	  D:	  5);	  20	  min	  (A:	  0;	  B:60;	  C:	  0;	  D:	  40);	  60	  min	  (A:	  0;	  B:	  
60;	  C:	  0;	  D:	  40);	  63	  min	  (A:	  0;	  B:	  50;	  C:	  0;	  D:	  50);	  83	  min	  ((A:	  0;	  B:	  50;	  C:	  0;	  D:	  50);	  87	  
min	  (A:	  0;	  B:	  0;	  C:	  0;	  D:	  100);	  95	  min	  (A:	  0;	  B:	  0;	  C:	  0;	  D:	  100);	  97	  min	  (A:	  0;	  B:	  95;	  C:	  
0;	  D:	  5);	  105	  (A:	  0;	  B:	  95;	  C:	  0;	  D:	  5).	  After	  every	  five	  runs	  (one	  MQ	  and	  four	  sample	  
injections),	  a	  column	  wash	  sequence	  (0	  min	  (A:	  0;	  B:	  95;	  C:	  0;	  D:	  5);	  5	  min	  (A:	  80;	  B:	  
0;	  C:	  20;	  D:	  0);	  25	  min	  (A:	  80;	  B:	  0;	  C:	  20;	  D:	  0);	  30	  min	  (A:	  0;	  B:	  95;	  C:	  0;	  D:	  5);	  40	  min	  
(A:	  0;	  B:	  95;	  C:	  0;	  D:	  5)	  was	  run.	  For	  each	  sample,	  25	  µL	  was	  injected	  onto	  the	  
column.	  The	  retention	  time	  of	  the	  cellular	  components	  of	  interest	  (UDP-‐GalNAc,	  
UDP-‐GlcNAc,	  UDP-‐GalNAz,	  and	  UDP-‐GalNAzMe)	  standards	  were	  determined	  by	  
running	  25	  µL	  of	  standard	  solutions	  (200	  µM	  ADP-‐Glucose,	  UDP-‐GalNAc;	  UDP-‐
GlcNAc;	  100	  µM	  UDP-‐GalNAz,	  UDP-‐GalNAzMe).	  

4.6.8.	  Malachite	  green	  assay	  

	  
Figure	  4-‐23.	  UDP-‐detection	  assay	  for	  hT1	  activity.	  
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The	  malachite	  green	  assay	  was	  performed	  according	  the	  manufacturer’s	  protocol	  
with	  the	  following	  modifications:	  Reactions	  contained	  50	  µM	  EA2-‐biotin	  (5	  mM	  
stock	  in	  PBS),	  a	  two-‐fold	  dilution	  series	  of	  UDP-‐GalNAc	  from	  500	  µM	  –	  37.81	  µM	  (5	  
mM	  stock	  diluted	  in	  water),	  and	  25	  µL	  purified	  ppGalNAcT.	  Note	  that	  ppGalNAcT2	  
proteins	  were	  purified	  with	  some	  departures	  from	  the	  protocol	  described	  in	  
Chapter	  2.4.12.	  The	  modifications	  include:	  only	  elutions	  2-‐3	  of	  protein	  were	  used,	  
protein	  was	  stored	  at	  4	  °C,	  and	  protein	  quantitation	  had	  not	  been	  optimized	  at	  the	  
time	  of	  these	  experiments.	  Note	  that	  ppGalNAcT1	  proteins	  were	  purified	  with	  some	  
departures	  from	  the	  protocol	  described	  in	  Chapter	  2.4.12.	  The	  modifications	  include	  
that	  purified	  enzyme	  was	  stored	  in	  10%	  glycerol	  and	  t	  the	  time	  of	  these	  
experiments,	  protein	  quantitation	  had	  not	  been	  optimized.	  Reactions	  proceeded	  for	  
2	  h	  at	  37	  °C.	  	  

4.6.9.	  Azido	  ELISA	  assay	  

This	  protocol	  is	  adapted	  from	  Hang	  et	  al.	  for	  the	  detection	  of	  ppGalNAcT	  activity	  
with	  UDP-‐GalNAz80.	  Glycosylation	  reactions	  contained	  reaction	  buffer	  (40	  mM	  
sodium	  cacodylate,	  10	  mM	  MnCl2,	  0.1%	  Triton	  X-‐100,	  40	  mM	  β-‐mercaptoethanol),	  
50	  µM	  EA2-‐biotin	  (5	  mM	  stock	  in	  PBS),	  and	  a	  two-‐fold	  dilution	  series	  of	  UDP-‐GalNAz	  
from	  250	  µM	  –	  3.91	  µM	  (5	  mM	  stock	  diluted	  in	  water).	  To	  initiate	  reactions,	  2	  µL	  
purified	  ppGalNAcT	  (25	  mM	  Tris-‐Cl	  pH	  7.4,	  150	  mM	  NaCl,	  100	  µg/mL	  3x	  FLAG	  
peptide,	  1x	  EDTA-‐free	  protease	  inhibitors)	  was	  added.	  Note	  that	  ppGalNAcT2	  
proteins	  were	  purified	  with	  some	  departures	  from	  the	  protocol	  described	  in	  
Chapter	  2.4.12.	  The	  modifications	  include:	  only	  elutions	  2-‐3	  of	  protein	  were	  used,	  
protein	  was	  stored	  at	  4	  °C,	  and	  protein	  quantitation	  had	  not	  been	  optimized	  at	  the	  
time	  of	  these	  experiments.	  The	  final	  reaction	  volumes	  were	  40	  µL	  in	  a	  half-‐volume	  
96-‐well	  plate.	  Reactions	  were	  mixed	  on	  a	  horizontal	  shaker	  at	  rt	  for	  5	  min	  and	  
incubated	  at	  37	  °C	  for	  1	  h.	  Glycosylation	  reactions	  were	  quenched	  with	  10	  mM	  EDTA	  
and	  percent	  glycosylation	  was	  evaluated	  as	  described	  below.	  
	  
Neutravidin	  plates	  were	  washed	  3	  x	  with	  200	  μL	  ELISA	  Buffer	  (25	  mM	  Tris-‐Cl	  pH	  
7.4,	  150	  mM	  NaCl,	  0.1%	  BSA,	  0.05%	  Tween-‐20)	  for	  10	  min.	  Glycosylation	  reactions	  
were	  transferred	  to	  Neutravidin	  plates	  and	  incubated	  at	  rt	  for	  1	  h.	  Plates	  were	  
washed	  3	  x	  with	  200	  μL	  ELISA	  Buffer	  for	  10	  min.	  Bound	  peptides	  were	  treated	  with	  
100	  μL	  Phosphine-‐FLAG	  (0.2	  M	  in	  PBS)	  and	  incubated	  at	  37	  °C	  for	  2	  h.	  Plates	  were	  
washed	  3	  x	  with	  200	  μL	  ELISA	  Buffer	  for	  10	  min	  and	  100	  μL	  anti-‐FLAG-‐HRP	  (diluted	  
1:5000	  in	  ELISA	  Buffer)	  was	  added.	  Reactions	  were	  incubated	  at	  rt	  for	  1	  h.	  Plates	  
were	  washed	  2	  x	  with	  200	  μL	  ELISA	  Buffer	  for	  10	  min	  and	  washed	  with	  200	  μL	  PBS	  
for	  10	  min.	  Bound	  anti-‐FLAG-‐HRP	  was	  detected	  with	  100	  μL	  TMB	  peroxide	  solution	  
(premixed	  1:1)	  and	  reactions	  were	  incubate	  at	  rt	  until	  blue	  color	  develops	  (1	  –	  30	  
min).	  Reactions	  were	  quenched	  by	  adding	  50	  μL	  2	  N	  H2SO4	  and	  pipetting	  to	  mix.	  
Signal	  was	  measured	  at	  A450	  on	  a	  plate	  reader.	  
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4.6.10.	  Mass	  spectrometry	  	  

Glycosylation	  reactions	  (in	  25	  mM	  Tris	  pH	  7.5,	  10	  mM	  CaCl2,10	  mM	  MnCl2,	  50	  μL	  
final	  reaction	  volume)	  containing	  ppGalNAcT2	  (25	  μL),	  saturating	  UDP-‐sugar	  (500	  
μM),	  and	  EA2	  acceptor	  peptide	  (50	  μM)	  proceeded	  for	  2	  h	  at	  37	  °C.	  Note	  that	  
ppGalNAcT2	  proteins	  were	  purified	  with	  some	  departures	  from	  the	  protocol	  
described	  in	  Chapter	  2.4.12.	  The	  modifications	  include	  increased	  α-‐FLAG	  resin	  (1.8	  
mL	  bed),	  only	  elutions	  2-‐3	  (3.6	  mL	  total)	  were	  carried	  forward,	  and	  the	  purified	  
enzyme	  was	  stored	  in	  10%	  glycerol.	  At	  the	  time	  of	  these	  experiments,	  protein	  
quantitation	  had	  not	  been	  optimized,	  and	  25	  μL	  purified	  ppGalNAcT	  was	  used	  in	  
these	  glycosylation	  reactions.	  Reactions	  were	  quenched	  with	  50	  μL	  2%	  formic	  acid,	  
and	  %	  glycopeptide	  was	  analyzed	  by	  LC-‐MS	  with	  an	  Orbitrap	  mass	  spectrometer.	  
	  
The	  mass	  spectrometry	  results	  were	  verified	  for	  some	  samples	  using	  the	  LC	  
configuration	  and	  similar	  methods	  as	  described	  by	  Palaniappan	  et	  al.	  Samples	  were	  
subjected	  to	  reverse	  phase	  chromatography	  with	  an	  Agilent	  1200	  LC	  system	  that	  
was	  connected	  in-‐line	  with	  an	  LTQ	  Orbitrap	  XL	  hybrid	  mass	  spectrometer.	  External	  
mass	  calibration	  was	  performed	  prior	  to	  analysis.	  A	  binary	  solvent	  system	  
consisting	  of	  buffer	  A	  (0.1%	  formic	  acid	  in	  water	  (v/v))	  and	  buffer	  B	  (0.1%	  formic	  
acid	  in	  acetonitrile	  (v/v))	  was	  employed.	  The	  LC	  was	  equipped	  with	  a	  100	  μL	  
sample	  loop	  and	  the	  mass	  spectrometer	  was	  outfitted	  with	  a	  nanospray	  ionization	  
source.	  	  
	  
For	  each	  run,	  after	  5	  μL	  sample	  containing	  100	  pmol	  peptide	  was	  injected,	  sample	  
trapping	  and	  desalting	  was	  performed	  for	  5	  min	  with	  2%	  B	  onto	  a	  100	  μM	  fritted	  
capillary	  (New	  Objective)	  pre-‐column	  self-‐packed	  with	  1	  cm	  of	  5	  μM	  200	  Å	  Magic	  
C18AQ	  resin	  (Michrom	  Bioresources).	  The	  analyte	  was	  then	  loaded	  in	  2%	  B	  onto	  a	  
100	  μM	  fused	  silica	  capillary	  (Polymicro	  Technologies)	  self-‐packed	  with	  5	  cm	  of	  5	  
μM	  100	  Å	  Magic	  C18AQ	  resin	  (Michrom	  Bioresources).	  A	  gradient	  was	  employed	  
from	  2%	  to	  30%	  buffer	  B,	  followed	  by	  a	  washing	  step	  in	  99%	  buffer	  B	  and	  re-‐
equilibration	  in	  2%	  buffer	  B.	  A	  solvent	  split	  was	  used	  to	  maintain	  a	  flow	  rate	  of	  600	  
nL/	  min	  at	  the	  column	  tip.	  	  

Mass	  spectra	  were	  recorded	  in	  a	  single	  stage	  of	  MS	  in	  positive	  ion	  mode	  over	  the	  
m/z	  scan	  range	  of	  400	  to	  2000	  using	  the	  Orbitrap	  mass	  analyzer	  in	  full-‐scan,	  profile	  
mode,	  at	  a	  resolution	  of	  60,000	  (at	  400	  m/z).	  Raw	  mass	  spectra	  were	  processed	  
manually	  using	  Xcalibur	  (version	  4.1,	  Thermo).	  	  

4.6.11.	  Cell	  fractionation	  

Human	  Embryonic	  Kidney	  (HEK)	  were	  cultured	  as	  described	  in	  the	  General	  
Methods.	  HEK	  293T	  cells	  were	  grown	  to	  confluence,	  the	  media	  was	  removed,	  and	  
the	  cells	  were	  harvested	  by	  scraping	  in	  3	  mL	  cold	  PBS.	  The	  conditioned	  media	  and	  
cells	  were	  pelleted	  by	  centrifugation	  for	  15	  min	  at	  3650	  x	  g	  at	  4	  °C.	  The	  supernatant	  
was	  discarded	  and	  the	  cell	  pellet	  was	  frozen	  at	  -‐20	  °C.	  Cell	  pellets	  were	  thawed	  and	  
fractionated	  according	  to	  the	  manufacturer’s	  protocol.	  Protein	  concentrations	  in	  
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cytoplasmic,	  nuclear,	  and	  membrane	  extracts	  were	  quantitated	  by	  measuring	  the	  
absorbance	  at	  280	  nm	  and	  by	  BCA	  assay.	  Extracts	  were	  stored	  at	  –80	  °C.	  

4.6.12.	  Glycosylation	  reactions	  with	  fractionated	  lysates	  

Reactions	  were	  performed	  in	  TBS	  (10	  mM	  MnCl2,	  1x	  EDTA-‐free	  protease	  inhibitors)	  
and	  contained	  1.33	  μg/μL	  lysate	  (20	  μg/μL	  stock).	  Reactions	  contained	  saturating	  
UDP-‐GalNAzMe(S)	  concentrations	  (250	  μM)	  and	  purified	  ppGalNAcT2	  was	  added	  to	  
initiate	  glycosylation.	  Note	  that	  ppGalNAcT2	  (WT	  and	  I235A/L310A)	  was	  purified	  
with	  some	  departures	  from	  the	  protocol	  described	  in	  Chapter	  2.4.12.	  The	  
modifications	  include	  increased	  α-‐FLAG	  resin	  (1.8	  mL	  bed),	  only	  elutions	  2-‐3	  (3.6	  
mL	  total)	  were	  carried	  forward,	  and	  the	  purified	  enzyme	  was	  stored	  in	  10%	  
glycerol.	  At	  the	  time	  of	  these	  experiments,	  protein	  quantitation	  had	  not	  been	  
optimized,	  and	  20-‐21	  μL	  purified	  ppGalNAcT	  was	  used	  in	  these	  glycosylation	  
reactions.	  Glycosylation	  reactions	  were	  carried	  out	  at	  37	  °C	  for	  >12	  h	  and	  reactions	  
were	  quenched	  by	  boiling.	  

4.6.12.1.	  CUAAC	  conditions	  

Alkyne-‐PEG-‐biotin	  (1	  mM	  in	  DMSO)	  was	  diluted	  in	  TBS	  and	  added	  to	  the	  quenched	  
glycosylation	  reaction.	  CuSO4	  (50	  mM	  in	  H2O)	  and	  TBTA	  (30	  mM	  in	  DMSO)	  were	  
premixed	  and	  added	  to	  the	  click	  reaction.	  A	  fresh	  stock	  of	  sodium	  ascorbate	  (60	  mM	  
in	  H2O)	  was	  prepared	  and	  added	  to	  the	  click	  reaction.	  Reactions	  (25	  μM	  alkyne-‐PEG-‐
biotin,	  1	  mM	  CuSO4,	  100	  μM	  TBTA,	  and	  1.5	  mM	  sodium	  ascorbate,	  55	  μL	  total	  in	  
TBS)	  were	  mixed	  and	  proceeded	  for	  1	  h	  at	  rt.	  The	  click	  reaction	  was	  quenched	  with	  
EDTA	  (10	  mM	  final	  concentration).	  

4.6.13.	  Immunocytochemistry	  

Transfection	  with	  full-‐length	  ppGalNAcTs	  was	  carried	  out	  as	  described	  in	  2.4.11.	  
After	  48	  h	  protein	  expression,	  the	  media	  was	  aspired,	  and	  1	  µg/mL	  Hoechst	  DNA	  
stain	  (2	  mg/mL	  stock	  diluted	  in	  media)	  was	  added	  to	  cells.	  Cells	  were	  incubated	  at	  
37	  °C	  for	  20-‐30	  min,	  the	  media	  was	  aspirated,	  and	  cells	  were	  washed	  with	  PBS.	  PBS	  
was	  aspirated	  and	  cells	  were	  fixed	  in	  4	  %	  formaldehyde	  in	  PBS	  for	  10	  min.	  The	  cells	  
were	  washed	  3	  x	  with	  PBS	  and	  permeabilized	  in	  PBST	  (0.5	  %	  Triton	  X-‐100)	  for	  1	  
min.	  Cells	  were	  washed	  3	  x	  with	  PBS	  and	  blocked	  with	  PBST/BSA	  (PBS,	  0.1	  %	  Triton	  
X-‐100,	  3	  %	  BSA)	  for	  20	  min.	  Cells	  were	  incubated	  with	  anti-‐FLAG	  primary	  antibody	  
(diluted	  1:1000	  in	  PBST/BSA)	  for	  1	  h.	  Cells	  were	  washed	  3	  x	  with	  PBST/BSA	  and	  
incubated	  with	  goat	  anti-‐mouse-‐AF647	  (diluted	  1:1000	  in	  PBST/BSA)	  for	  45	  min.	  
Cells	  were	  washed	  3	  x	  with	  PBS	  and	  imaged.	  

4.6.14.	  Western	  blotting	  of	  fractionated	  lysates	  for	  subcellular	  markers	  

Transfection	   with	   full-‐length	   ppGalNAcTs	   was	   carried	   out	   as	   described	   in	   2.4.11.	  
Cells	  were	   fractionated	  as	   in	  4.6.11.	  Fractionated	   lysates	  were	  quantitated	  by	  BCA	  
assay	   according	   to	   the	  manufacturer’s	   protocol.	   Cellular	   extracts	   (8.5	   µg	   protein)	  
were	   analyzed	   by	   SDS-‐PAGE	   as	   described	   in	   General	   Protocol	   3	   and	   by	   western	  
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blotting	  as	  described	  in	  General	  Protocol	  4.	  Cytoplasmic	  extracts	  were	  probed	  with	  
α-‐HSP-‐90	   (diluted	   1:1000),	   membrane	   extracts	   were	   probed	   with	   anti-‐FLAG	   M2	  
(diluted	  1:300),	  and	  nuclear	  extracts	  were	  probed	  with	  anti-‐nuclear	  pore	  complex	  
(diluted	  1:10,000),	  and	  secondary	  antibodies	  were	  diluted	  1:10,000.	  

4.6.15.	  Cell	  labeling	  without	  addition	  of	  engineered	  proteins	  

Human	  Embryonic	  Kidney	  (HEK)	  were	  cultured	  as	  described	  in	  the	  General	  
Methods.	  HEK	  293T	  cells	  were	  split	  in	  five	  10-‐cm	  plates	  in	  10	  mL	  of	  DMEM	  at	  
density	  of	  approximately	  1-‐3	  x	  105	  cells/mL.	  After	  24	  h,	  50	  µL	  of	  10mM	  sugar	  analog	  
stocks	  in	  DMSO	  or	  DMSO	  controls	  were	  added	  to	  a	  final	  concentration	  of	  50	  µM	  
sugar	  analog.	  Samples	  were	  Ac4GalNAzMe,	  Ac3GalNAzMe-‐1-‐P(SATE)2,	  Ac4GalNAz,	  
and	  DMSO	  (2	  plates).	  After	  48	  h,	  the	  same	  quantity	  of	  stock	  solution	  was	  added	  
again,	  reaching	  a	  100	  µM	  final	  concentration	  of	  sugar	  analog.	  After	  60	  h,	  the	  media	  
was	  removed	  by	  aspiration,	  and	  cells	  were	  washed	  with	  10	  mL	  of	  cold	  PBS.	  5	  mL	  of	  
FACS	  buffer	  (PBS	  +	  1%	  FBS)	  was	  added	  to	  each	  plate	  and	  DIBAC-‐Biotin	  (1	  mM,	  100	  
µL,	  final	  concentration	  20	  µM)	  was	  added.	  	  
	  
After	  1	  h,	  cells	  were	  harvested	  by	  scraping	  the	  plate,	  transferred	  to	  a	  15	  mL	  tube,	  
and	  centrifuged	  at	  1000	  rpm	  for	  5	  min.	  The	  supernatant	  was	  removed	  by	  aspiration	  
and	  the	  cells	  were	  re-‐suspended	  in	  1	  mL	  of	  PBS	  containing	  1	  mM	  EDTA	  and	  
transferred	  to	  a	  1.5	  mL	  tube.	  Cells	  were	  centrifuged	  at	  600	  x	  g	  for	  5	  min,	  the	  
supernatant	  was	  discarded,	  and	  cells	  were	  washed	  twice	  more	  with	  PBS	  containing	  
1	  mM	  EDTA.	  After	  the	  final	  wash,	  cells	  were	  re-‐suspended	  in	  600	  µL	  lysis	  buffer	  (25	  
mM	  Tris-‐Cl,	  150	  mM	  NaCl,	  1%	  Triton	  X-‐100,	  1x	  EDTA-‐free	  protease	  inhibitors).	  Cells	  
were	  lysed	  by	  sonication	  on	  ice	  (1.5	  minutes	  total,	  5	  seconds	  on,	  5	  seconds	  off,	  3W	  
initial	  output).	  After	  lysis,	  cells	  were	  centrifuged	  for	  30	  min	  at	  16,200	  x	  g,	  the	  
supernatant	  was	  transferred	  to	  a	  new	  1.5	  mL	  tube,	  and	  the	  cell	  lysate	  was	  stored	  at	  -‐
20	  °C.	  
	  
The	  lysate	  was	  analyzed	  by	  SDS-‐PAGE	  as	  described	  in	  General	  Protocol	  3	  (10	  µg	  per	  
lane,	  final	  sample	  volume	  15	  mL).	  The	  gel	  was	  subjected	  to	  western	  blotting	  as	  
described	  in	  General	  Protocol	  4,	  and	  the	  antibody	  was	  α-‐biotin-‐HRP	  (1:100,000	  
dilution).	  	  

4.6.16.	  Cloning	  AGX	  mutants	  

4.6.16.1.	  Site-‐directed	  mutagenesis	  to	  make	  F381G	  and	  F381G/F383G	  

AGX1-‐F383G	  in	  pIRESpuro3	  (AmpR)	  was	  generously	  provided	  by	  J.	  Kohler	  (UT	  
Southwestern	  Medical	  Center)114.	  F381G	  and	  F381G/F383G	  were	  generated	  via	  site-‐
directed	  mutagenesis	  from	  AGX1-‐F383G.	  PCR	  amplifications	  were	  carried	  out	  as	  in	  
General	  Protocol	  1,	  and	  primers	  are	  in	  Table	  4-‐1.	  PCR	  reactions	  were	  digested	  with	  
1	  µL	  (20	  U)	  DpnI	  at	  37	  °C	  for	  1	  h,	  and	  duplicate	  reactions	  were	  combined	  (100	  µL	  
total)	  and	  purified	  with	  DNA	  Clean	  and	  Concentrator™-‐5	  according	  to	  the	  
manufacturer’s	  protocol	  with	  modifications	  as	  described	  in	  the	  General	  Methods	  (10	  
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µL	  elution).	  Bacteria	  were	  transformed	  and	  clones	  were	  isolated	  as	  in	  General	  
Protocol	  2.	  Clones	  were	  sequenced	  as	  in	  the	  General	  Methods.	  	  
	  
Mutation	   Primer	  

ID	  
Sequence	  

F381G	   AGX1_	  
F381G
_	  F	  

5’-‐	  
CAAACCCAATGGAATAAAGATGGAAAAAGGTGTCTTTGACATCTTC
CAG	  

AGX1_	  
F381G
_	  R	  

5’-‐	  
CAAAGACACCTTTTTCCATCTTTATTCCATTGGGTTTGTCTGGCTTA
ATTAAC	  

F381G/	  
F383G	  

AGX1_	  
F381_
383G_
F	  

5’-‐	  
CAAACCCAATGGAATAAAGATGGAAAAAGGTGTCGGTGACATCTTC
CAG	  

AGX1_	  
F381_
383G_
R	  

5’-‐	  
CACCGACACCTTTTTCCATCTTTATTCCATTGGGTTTGTCTGGCTTA
ATTAAC	  

Table	  4-‐1.	  Primers	  for	  site-‐directed	  mutagenesis	  of	  AGX1	  mutants.	  PCR	  extensions	  
were	  1	  min	  45	  sec	  extension	  and	  annealing	  temperatures	  were	  55	  °C.	  

4.6.16.2.	  Introduction	  of	  FLAG	  tag	  

A	  FLAG	  tag	  was	  introduced	  to	  AGX1-‐F3831G,	  F383G,	  and	  F381G/F383G	  (AmpR).	  
PCR	  amplifications	  were	  carried	  out	  as	  in	  General	  Protocol	  1,	  and	  primers	  are	  in	  
Table	  4-‐2.	  PCR	  reactions	  were	  digested	  with	  1	  µL	  (20	  U)	  DpnI	  at	  37	  °C	  for	  1	  h,	  and	  
duplicate	  reactions	  were	  combined	  (100	  µL	  total)	  and	  purified	  with	  DNA	  Clean	  and	  
Concentrator™-‐5	  according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  
described	  in	  the	  General	  Methods	  (10	  µL	  elution).	  Bacteria	  were	  transformed	  and	  
clones	  were	  isolated	  as	  in	  General	  Protocol	  2.	  Clones	  were	  sequenced	  as	  in	  the	  
General	  Methods.	  	  
	  
Primer	  ID	   Sequence	   Annealing	  

Temp	  
(°C)	  

AGX1_FL
AG_F	  

5’-‐	  
GACTACAAAGACGATGACGACAAGTGAGCGGCCGCATAGATA
ACTGATCC	  

53	  

AGX1_FL
AG_R	  

5’-‐	  
GAGAATGGAGTTCATGAGCTGGTGAAAAATGGTATTGACTAC
AAAGACGATGACGACAAG	  

53	  

Table	  4-‐2.	  Primers	  to	  introduce	  a	  FLAG	  tag	  into	  AGX1	  constructs.	  PCR	  extensions	  were	  
1	  min	  45	  sec	  extension	  and	  annealing	  temperatures	  were	  55	  °C.	  
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4.6.16.3.	  Site-‐directed	  mutagenesis	  to	  make	  F381A,	  F383A,	  F381A/F383A,	  and	  WT	  

F381A,	  F383A,	  F381A/F383A,	  and	  WT	  were	  generated	  via	  site-‐directed	  
mutagenesis	  from	  FLAG-‐tagged	  AGX1	  clones	  in	  pIRESpuro3	  (AmpR)	  described	  
above.	  PCR	  amplifications	  were	  carried	  out	  as	  in	  General	  Protocol	  1,	  and	  primers	  are	  
in	  .	  PCR	  reactions	  were	  digested	  with	  1	  µL	  (20	  U)	  DpnI	  at	  37	  °C	  for	  1	  h,	  and	  duplicate	  
reactions	  were	  combined	  (100	  µL	  total)	  and	  purified	  with	  DNA	  Clean	  and	  
Concentrator™-‐5	  according	  to	  the	  manufacturer’s	  protocol	  with	  modifications	  as	  
described	  in	  the	  General	  Methods	  (10	  µL	  elution).	  Bacteria	  were	  transformed	  and	  
clones	  were	  isolated	  as	  in	  General	  Protocol	  2.	  Clones	  were	  sequenced	  as	  in	  the	  
General	  Methods.	  	  
	  
Mutation	   Primer	  

ID	  
Sequence	  

F381A	   AGX1_	  
F381A_	  
F	  

5’-‐	  GGAAAAAGCTGTCTTTGACATCTTCCAGTTTGC	  

AGX1_	  
F381A_	  
R	  

5’-‐	  GATGTCAAAGACAGCTTTTTCCATCTTTATTCCATTGGG	  

F383A	   AGX1_	  
F383A_	  
F	  

5’-‐	  
GAATAAAGATGGAAAAATTTGTCGCTGACATCTTCCAGTTTGC	  

AGX1_	  
F383A_	  
R	  

5’-‐	  GATGTCAGCGACAAATTTTTCCATCTTTATTCCATTGGGTTTG	  

F381A/	  
F383A	  

AGX1_	  
F381_3
83A_F	  

5’-‐	  GATGGAAAAAGCTGTCGCTGACATCTTCCAGTTTGC	  

AGX1_	  
F381_3
83A_R	  

5’-‐	  GATGTCAGCGACAGCTTTTTCCATCTTTATTCCATTGGG	  

WT	   AGX1_	  
WT_	  F	  

5’-‐	  
CCCAATGGAATAAAGATGGAAAAATTTGTCTTTGACATCTTCC	  

AGX1_	  
WT_	  R	  

5’-‐	  GACAAATTTTTCCATCTTTATTCCATTGGGTTTGTCTGGC	  

Table	  4-‐3.	  Primers	  for	  site-‐directed	  mutagenesis	  of	  AGX1	  mutants.	  PCR	  extensions	  
were	  1	  min	  45	  sec	  extension	  and	  annealing	  temperatures	  were	  55	  °C.	  

4.6.17.	  HPAEC	  of	  AGX	  transfected	  cells	  

Confluent	  10-‐cm	  plates	  (4)	  were	  used	  to	  generate	  a	  12	  mL	  single-‐cell	  suspension.	  
Nine	  20-‐cm	  plates	  with	  20	  mL	  DMEM	  (10%	  FBS,	  Pen/Strep)	  were	  seeded	  with	  1.2	  
mL	  of	  cell	  suspension	  at	  density	  of	  approximately	  1-‐3	  x	  105	  cells/mL.	  To	  obtain	  
sufficient	  amounts	  of	  plasmid	  DNA	  for	  mammalian	  cell	  transfection,	  a	  Midiprep	  kit	  
(Qiagen)	  was	  used	  according	  to	  the	  manufacturer’s	  protocol	  (DNA	  pellets	  were	  
solubilized	  in	  water).	  After	  36	  h	  when	  cells	  were	  ~70%	  confluent,	  cells	  were	  
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transfected	  with	  DNA	  using	  TransIT®-‐293	  reagent	  according	  to	  the	  manufacturer’s	  
protocol.	  37.5	  µg	  AGX	  plasmid	  DNA	  (134	  µL	  of	  0.28	  µg/	  lug	  stocks)	  was	  added	  to	  
3.75	  mL	  Opti-‐Mem	  and	  the	  tubes	  were	  flicked	  to	  mix.	  Transit-‐293	  reagent	  was	  
vortexed	  vigorously,	  112.5	  µL	  was	  added	  to	  each	  tube,	  and	  the	  mixture	  was	  flicked	  
to	  mix.	  The	  transfection	  mixture	  was	  incubated	  at	  rt	  for	  25	  min,	  added	  gently	  to	  the	  
plates,	  and	  the	  plates	  were	  rocked	  to	  mix.	  	  
	  
After	  cells	  were	  grown	  for	  12	  h,	  the	  media	  was	  replaced.	  After	  an	  additional	  24	  h,	  
Ac3GalNAzMe-‐1-‐P(SATE)2	  (200	  µL	  of	  10	  mM	  solution	  in	  DMSO,	  100	  µM	  final	  
concentration)	  was	  added	  to	  the	  plates	  transfected	  with	  AGX	  plasmids,	  Ac4GalNAz	  
(200	  µL,	  10	  mM	  solution	  in	  DMSO,	  100	  µM	  final	  concentration)	  was	  added	  to	  1	  un-‐
transfected	  control,	  and	  DMSO	  (200	  µL)	  was	  added	  to	  1	  un-‐transfected	  control.	  Cells	  
were	  grown	  for	  6	  h,	  the	  media	  was	  removed	  by	  aspiration,	  and	  cells	  were	  washed	  2x	  
with	  20	  mL	  cold	  PBS.	  PBS	  containing	  1	  mM	  EDTA	  (8	  mL)	  was	  added	  and	  cells	  were	  
harvested	  by	  scraping.	  The	  cells	  were	  pipetted	  thoroughly	  to	  generate	  a	  single	  cell	  
suspension,	  transferred	  to	  a	  15	  mL	  tube,	  centrifuged	  (1000	  rpm,	  5	  min),	  and	  the	  
supernatant	  was	  discarded.	  Cells	  were	  re-‐suspended	  in	  PBS	  containing	  1	  mM	  EDTA	  
(1	  mL)	  and	  transferred	  to	  a	  1.5	  mL	  tube.	  Cells	  were	  centrifuged	  (600	  x	  g,	  5	  min),	  
supernatant	  was	  discarded,	  and	  cells	  were	  re-‐suspended	  in	  1	  mL	  PBS	  containing	  1	  
mM	  EDTA.	  	  
	  
200	  µL	  of	  the	  cell	  suspension	  was	  set	  aside	  for	  cell	  lysis	  and	  the	  remaining	  cell	  
suspension	  was	  transferred	  to	  O-‐ring	  tubes,	  centrifuged	  (600	  x	  g,	  5	  min),	  and	  the	  
supernatant	  was	  discarded.	  A	  layer	  of	  beads	  (0.1	  mm	  zirconia/silicon	  beads,	  equal	  
volume	  to	  the	  packed	  cell	  pellet)	  was	  added	  to	  the	  cell	  pellet,	  and	  1	  mL	  of	  ACN:H2O	  
(1:1)	  was	  added.	  The	  samples	  were	  lysed	  in	  a	  bead	  beater	  (30	  sec,	  6	  m/s)	  and	  
subsequently	  incubated	  on	  ice	  for	  10	  min.	  The	  resulting	  suspension	  was	  centrifuged	  
at	  16.2k	  x	  g	  for	  10	  min.	  The	  supernatant	  was	  transferred	  to	  a	  new	  1.5	  mL	  tube	  and	  
solvent	  was	  removed	  by	  speed-‐vac	  (50	  °C,	  2	  h).	  The	  pellet	  was	  re-‐suspended	  in	  400	  
µL	  LC-‐MS	  grade	  water	  and	  ADP-‐Glucose	  (5	  mM,	  1.2	  µL)	  was	  added	  as	  an	  internal	  
standard.	  Samples	  were	  transferred	  to	  10	  kDa	  cut-‐off	  filters	  and	  centrifuged	  for	  30	  
min	  at	  14k	  x	  g.	  The	  filtrate	  was	  collected	  and	  analyzed	  by	  HPAEC	  as	  in	  General	  
Protocol	  5.	  
	  
The	  200	  µL	  cell	  suspension	  that	  was	  set	  aside	  earlier	  was	  centrifuged	  (600	  x	  g,	  5	  
min),	  the	  supernatant	  was	  discarded,	  and	  the	  cell	  pellet	  was	  resuspended	  in	  300	  µL	  
lysis	  buffer	  (25	  mM	  Tris-‐Cl	  pH	  7.4,	  150	  mM	  NaCl,	  1%	  Triton	  X-‐100,	  1x	  EDTA-‐free	  
protease	  inhibitors).	  Cells	  were	  lysed	  by	  sonication	  (1.5	  min	  total	  lysis	  time,	  5	  sec	  
on,	  5	  sec	  off,	  3W	  initial	  output).	  The	  resulting	  lysate	  was	  centrifuged	  (16.2k	  x	  g,	  30	  
min)	  and	  the	  supernatant	  was	  collected.	  	  
	  
The	  lysate	  was	  analyzed	  by	  SDS-‐PAGE	  as	  described	  in	  General	  Protocol	  3	  (20	  µg	  per	  
lane,	  final	  sample	  volume	  45	  µL).	  The	  gel	  was	  subjected	  to	  western	  blotting	  as	  
described	  in	  General	  Protocol	  4	  with	  the	  following	  modifications:	  the	  blot	  was	  
blocked	  with	  5%	  non-‐fat	  powdered	  milk	  in	  TBST,	  the	  primary	  antibody	  was	  anti-‐
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AGX1	  (1:2000	  dilution	  in	  3	  %	  milk/TBST)	  and	  secondary	  antibody	  was	  goat-‐α-‐
rabbit-‐HRP	  (1:5000	  dilution	  in	  3	  %	  milk/TBST).	  
	  

	  
Figure	  4-‐24.	  Cell	  lysates	  of	  cells	  transfected	  with	  AGX1	  and	  fed	  Ac3GalNAzMe(S)-‐
1P(SATE)2.	  α-‐biotin	  blot	  (top	  pane)	  and	  India	  Ink	  total	  protein	  stain	  (bottom	  pane).	  Lanes	  
1-‐7:	  cells	  transfected	  with	  WT	  or	  mutant	  AGX1	  and	  fed	  Ac3GalNAzMe(S)-‐1P(SATE)2.	  Lanes	  
8-‐9:	  untransfected	  cells	  treated	  with	  Ac4GalNAz	  (positive	  control)	  or	  DMSO	  (negative	  
control).	  
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4.6.18.	  Synthesis	  	  

DIBAC-‐Biotin	  (5)	  	  
DIBAC-‐NHS	  [published	  in	  Debets	  et	  al.218]	  (20	  mg,	  
0.05	  mmol)	  was	  added	  to	  a	  flask	  under	  N2-‐
atmosphere.	  Dry	  DMF	  (3	  mL)	  was	  added	  and	  the	  
suspension	  was	  heated	  slightly	  to	  dissolve	  DIBAC-‐
NHS.	  Next,	  NEt3	  (13	  μL,	  0.1	  mmol)	  and	  Biotin-‐NH2	  
(21	  mg,	  0.05	  mmol)	  were	  added	  and	  the	  mixture	  
was	  stirred	  overnight.	  DMF	  was	  evaporated	  and	  the	  
crude	  product	  was	  purified	  by	  gradient	  column	  
chromatography	  (CH2Cl2/MeOH,	  1:0	  to	  9:1)	  to	  
obtain	  DIBAC-‐biotin	  as	  a	  white	  solid.	  1H-‐NMR	  (400	  
MHz,	  CDCl3):	  δ	  7.67	  (d,	  J	  =	  7.3	  Hz,	  1H),	  7.52-‐7.08	  (m,	  
7H),	  6.75	  (br	  s,	  1H),	  6.40-‐6.27	  (m,	  1H),	  6.21	  (d,	  J	  =	  
7.8	  Hz,	  1H),	  5.55	  (d,	  J	  =	  11.5	  Hz,	  1H),	  5.14	  (d,	  J	  =	  13.8	  
Hz,	  1H),	  4.64-‐4.41	  (m,	  1H),	  4.29-‐4.26	  (m,	  1H),	  3.73-‐

3.44	  (m,	  12H),	  3.38-‐3.05	  (m,	  4H),	  2.86	  (td,	  J	  =	  12.3,	  4.9	  Hz,	  1H),	  2.69	  (dd,	  J	  =	  23.2,	  
12.7	  Hz,	  1H),	  2.33-‐2.09	  (m,	  4H),	  2.03-‐1.84	  (m,	  3H),	  1.81-‐1.58	  (m,	  11H),	  1.53-‐1.36	  
(m,	  2H).	  13C-‐NMR	  (151	  MHz,	  CDCl3)	  δ	  173.1,	  172.9,	  172.5,	  163.6,	  151.6,	  148.1,	  
132.3,	  129.0,	  128.6,	  128.2,	  128.1,	  127.7,	  127.1,	  125.4,	  123.0,	  122.4,	  114.8,	  108.0,	  
70.4	  (2C),	  70.0,	  69.9,	  69.4,	  61.8,	  60.1,	  55.6,	  55.4	  (2C),	  40.5,	  37.7,	  37.2,	  35.9,	  35.5,	  
35.4,	  33.8,	  29.2,	  28.9,	  28.1,	  28.0,	  25.6,	  21.6.	  HRMS	  (ESI+)	  m/z	  calcd	  for	  
C40H54N5O7S	  [M+H]+	  748.3744,	  found	  748.3764.	  
	  

2-‐azido-‐N-‐((3R,4R,5R,6R)-‐2,4,5-‐trihydroxy-‐6-‐
(hydroxymethyl)tetrahydro-‐2H-‐pyran-‐3-‐yl)acetamide	  (3.2,	  
GalNAz)	  Crude	  azidoacetic	  acid	  (2.6	  g,	  23	  mmol)	  was	  dissolved	  in	  
dry	  MeOH	  (140	  mL)	  under	  N2.	  Galactosamine	  (3.1,	  3.0	  g,	  14	  mmol)	  
and	  NEt3	  (4.8	  mL,	  35	  mmol)	  were	  added	  whereupon	  the	  reaction	  
mixture	  was	  cooled	  to	  0	  °C.	  EDC	  (5.4	  g,	  35	  mmol)	  and	  HOBt	  (1.9	  g,	  
14	  mmol)	  were	  added	  and	  the	  reaction	  was	  stirred	  overnight	  at	  

room	  temperature.	  The	  solvents	  were	  removed	  under	  reduced	  pressure	  and	  the	  
crude	  product	  was	  purified	  by	  gradient	  column	  chromatography	  (CH2Cl2/MeOH,	  1:9	  
to	  3:7).	  The	  impure	  isolated	  sugar	  was	  redissolve	  in	  little	  MeOH	  (20	  mL)	  and	  CH2Cl2	  
(800	  mL)	  was	  added.	  The	  mixture	  was	  kept	  at	  -‐20	  °C	  for	  3	  hours	  whereupon	  the	  
product	  was	  isolated	  by	  filtration	  as	  a	  white	  solid	  (2.0	  g,	  54%).1H-‐NMR	  (400	  MHz,	  
CD3OD)	  δ:	  5.50	  (s,	  1H),	  5.14	  (d,	  J	  =	  3.6	  Hz,	  1H),	  4.25	  (dd,	  J	  =	  10.9,	  3.7	  Hz,	  1H),	  4.04	  (t,	  
J	  =	  6.1	  Hz,	  1H),	  3.92	  (dd,	  J	  =	  10.6,	  3.5	  Hz,	  3H),	  3.82	  (dd,	  J	  =	  10.9,	  3.2	  Hz,	  1H),	  3.72	  –	  
3.64	  (m,	  2H).	  Analysis	  was	  in	  accordance	  with	  literature	  precedent219.	  
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	  (S)-‐2-‐azido-‐N-‐((3R,4R,5R,6R)-‐2,4,5-‐trihydroxy-‐6-‐
(hydroxymethyl)tetrahydro-‐2H-‐pyran-‐3-‐yl)propanamide	  
Crude	  azidoalanine	  (6	  g,	  50	  mmol)	  was	  dissolved	  in	  dry	  MeOH	  
(200	  mL)	  under	  N2.	  Galactosamine	  (3.1,	  5.42	  g,	  25	  mmol)	  and	  NEt3	  
(8.4	  mL,	  60	  mmol)	  were	  added	  whereupon	  the	  reaction	  mixture	  
was	  cooled	  to	  0	  °C.	  EDC	  (9.3	  g,	  60	  mmol)	  and	  HOBt	  (3.38	  g,	  25	  
mmol)	  were	  added	  and	  the	  reaction	  was	  stirred	  overnight	  at	  room	  

temperature.	  The	  solvents	  were	  removed	  under	  reduced	  pressure	  and	  the	  crude	  
product	  was	  purified	  by	  gradient	  column	  chromatography	  (CH2Cl2/MeOH,	  1:9	  to	  
3:7).	  The	  impure	  isolated	  sugar	  was	  redissolve	  in	  little	  MeOH	  (20	  mL)	  and	  CH2Cl2	  
(800	  mL)	  was	  added.	  The	  mixture	  was	  kept	  at	  -‐20	  °C	  for	  3	  hours	  whereupon	  the	  
product	  was	  isolated	  by	  filtration	  as	  a	  white	  solid	  (4.0	  g,	  58%).	  1H-‐NMR	  (400	  MHz,	  
CD3OD)	  δ:	  5.14	  (d,	  J	  =	  3.6	  Hz,	  1H,	  NH),	  4.60	  (app.	  s,	  1H,	  C1H),	  4.21	  (dd,	  J	  =	  10.9,	  3.6	  
Hz,	  1H,	  C3H),	  4.09	  –	  3.94	  (m,	  2H,	  C5H,	  C2H),	  3.90	  (d,	  J	  =	  2.6	  Hz,	  1H,	  C4H),	  3.82	  (dd,	  J	  =	  
10.8,	  3.2	  Hz,	  1H,	  C6HH),	  3.77	  –	  3.64	  (m,	  2H,	  C6HH,	  COCHCH3),	  1.46	  (d,	  J	  =	  6.9	  Hz,	  3H,	  
COCHCH3).	  13C-‐NMR	  (151	  MHz,	  MeOD)	  δ:	  173.5,	  92.8,	  71.7,	  70.6,	  69.6,	  62.8,	  59.5,	  
52.0,	  17.3.	  HRMS	  (ESI-‐)	  m/z	  calcd	  for	  C9H15O6N4	  [M-‐H]-‐	  275.0997,	  found	  275.0997.	  
	  

(3R,4R,5R,6R)-‐6-‐(acetoxymethyl)-‐3-‐(2-‐
azidoacetamido)tetrahydro-‐2H-‐pyran-‐2,4,5-‐triyl	  triacetate	  
3.2	  (1.57	  g,	  6	  mmol)	  was	  dissolved	  in	  pyridine	  (30	  mL).	  The	  
solution	  was	  cooled	  to	  0°C	  and	  Ac2O	  (17	  mL,	  180	  mmol)	  was	  
added.	  The	  reaction	  was	  stirred	  overnight	  and	  subsequently	  
diluted	  with	  H2O	  (200	  mL)	  and	  EtOAc	  (200	  mL).	  The	  layers	  were	  
separated,	  and	  the	  with	  sat.	  aq.	  CuSO4.5H2O	  (4	  ×	  200	  mL),	  H2O	  

(200	  mL),	  aqueous	  EDTA	  (50	  mM,	  2	  ×	  100	  mL),	  H2O	  (200	  mL)	  and	  brine	  (100	  mL).	  
The	  organic	  layer	  was	  dried	  over	  MgSO4	  and	  the	  solvents	  removed	  under	  reduced	  
pressure.	  The	  crude	  product	  was	  dissolved	  in	  EtOAc	  (20	  mL)	  and	  hexanes	  (800	  mL)	  
were	  added.	  After	  three	  hours	  at	  -‐20	  °C,	  the	  product	  was	  isolated	  by	  filtration	  as	  a	  
white	  solid	  (2.04	  g,	  80%).	  Prior	  to	  using	  the	  compound	  for	  cell	  feeding,	  it	  was	  
further	  purified	  by	  HPLC	  purification.	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ:	  6.28	  (d,	  J	  =	  9.2	  
Hz,	  1H),	  6.23	  (d,	  J	  =	  3.7	  Hz,	  1H),	  5.45	  (dd,	  J	  =	  3.3,	  1.4	  Hz,	  1H),	  5.26	  (dd,	  J	  =	  11.5,	  3.2	  
Hz,	  1H),	  4.70	  (ddd,	  J	  =	  11.5,	  9.2,	  3.7	  Hz,	  1H),	  4.33	  –	  4.22	  (m,	  1H),	  4.16	  –	  4.03	  (m,	  2H),	  
3.96	  (s,	  2H),	  2.19	  (s,	  3H),	  2.17	  (s,	  3H),	  2.04	  (s,	  3H),	  2.03	  (s,	  3H).	  Analysis	  was	  in	  
accordance	  with	  literature	  precedent46.	  

	  
(3R,4R,5R,6R)-‐6-‐(acetoxymethyl)-‐3-‐((S)-‐2-‐
azidopropanamido)tetrahydro-‐2H-‐pyran-‐2,4,5-‐triyl	  
triacetate	  GalNAzMe	  (4	  g,	  14.5	  mmol)	  was	  dissolved	  in	  pyridine	  
(73	  mL).	  The	  solution	  was	  cooled	  to	  0°C	  and	  Ac2O	  (41	  mL,	  435	  
mmol)	  was	  added.	  The	  reaction	  was	  stirred	  overnight	  and	  
subsequently	  diluted	  with	  H2O	  (200	  mL)	  and	  EtOAc	  (200	  mL).	  
The	  layers	  were	  separated,	  and	  the	  with	  sat.	  aq.	  CuSO4.5H2O	  (4	  ×	  

200	  mL),	  H2O	  (200	  mL),	  aqueous	  EDTA	  (50	  mM,	  2	  ×	  100	  mL),	  H2O	  (200	  mL)	  and	  
brine	  (100	  mL).	  The	  organic	  layer	  was	  dried	  over	  MgSO4	  and	  the	  solvents	  removed	  
under	  reduced	  pressure.	  The	  crude	  product	  was	  dissolved	  in	  EtOAc	  (20	  mL)	  and	  
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hexanes	  (800	  mL)	  were	  added.	  After	  three	  hours	  at	  -‐20	  °C,	  the	  product	  was	  isolated	  
by	  filtration	  as	  a	  white	  solid	  (4.2	  g,	  65%).	  Prior	  to	  using	  the	  compound	  for	  cell	  
feeding,	  it	  was	  further	  purified	  by	  HPLC	  purification.	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ:	  
6.29	  (d,	  J	  =	  9.0	  Hz,	  1H,	  NH),	  6.25	  (d,	  J	  =	  3.8	  Hz,	  1H,	  C1H),	  5.45	  (d,	  J	  =	  3.1	  Hz,	  1H,	  C4H),	  
5.25	  (dd,	  J	  =	  11.5,	  3.2	  Hz,	  1H,	  C3H),	  4.65	  (ddd,	  J	  =	  12.0,	  9.1,	  3.7	  Hz,	  1H,	  C5H),	  4.27	  (t,	  J	  
=	  6.7	  Hz,	  1H,	  C6HH),	  4.19	  –	  4.06	  (m,	  2H,	  C6HH	  +	  C2H),	  4.03	  (q,	  J	  =	  7.2	  Hz,	  1H,	  
COCHCH3),	  2.19	  (s,	  3H,	  COCH3),	  2.17	  (s,	  3H,	  COCH3),	  2.04	  (s,	  3H,	  COCH3),	  2.03	  (s,	  3H,	  
COCH3),	  1.48	  (d,	  J	  =	  7.1	  Hz,	  3H,	  COCHCH3).	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ:	  170.9	  (CO),	  
170.3	  (CO),	  170.2	  (CO),	  170.1	  (CO),	  168.8	  (CO),	  90.8	  (C1),	  68.7	  (C6),	  67.6	  (C4),	  66.6	  
(C3),	  61.2	  (C5),	  59.1	  (COCHCH3N3),	  47.1	  (C2),	  20.8	  (COC,	  20.7	  (COC,	  20.6	  (2C,	  2	  ×	  COC,	  
17.1	  (COCHCH3N3).	  HRMS	  (ESI+)	  m/z	  calcd	  for	  C17H24O10N4Na	  [M+Na]+	  467.1385,	  
found	  467.1379.	  
	  

(2R,3R,4R,5R)-‐2-‐(acetoxymethyl)-‐5-‐((S)-‐2-‐
azidopropanamido)-‐6-‐hydroxytetrahydro-‐2H-‐pyran-‐3,4-‐diyl	  
diacetate	  Ac4GalNAzMe	  (444	  mg,	  1	  mmol)	  was	  dissolved	  in	  THF	  
(4	  mL).	  Benzylamine	  (218	  µL,	  2	  mmol)	  was	  added	  and	  the	  
reaction	  mixture	  was	  stirred	  overnight	  at	  room	  temperature.	  The	  
solvents	  were	  removed	  under	  reduced	  pressure	  and	  the	  crude	  
product	  was	  purified	  by	  gradient	  column	  chromatography	  

(EtOAc/Hexanes,	  1:2	  to	  1:1)	  to	  obtain	  the	  product	  as	  a	  yellow	  oil	  (280	  mg,	  69%).	  1H-‐
NMR	  (400	  MHz,	  CDCl3)	  δ:	  6.62	  (d,	  J	  =	  9.5	  Hz,	  1H,	  NH),	  5.37	  (d,	  J	  =	  3.2	  Hz,	  1H,	  C1H),	  
5.31	  –	  5.16	  (m,	  2H,	  C3),	  4.54	  –	  4.27	  (m,	  2H,	  C5H,	  C6HH),	  4.06	  (tt,	  J	  =	  11.2,	  6.8	  Hz,	  2H,	  
C6HH,	  C2H),	  3.97	  (q,	  J	  =	  7.0	  Hz,	  1H,	  COCHCH3),	  2.13	  (s,	  3H,	  COCH3),	  2.02	  (s,	  3H,	  
COCH3),	  1.96	  (s,	  3H,	  COCH3),	  1.46	  (d,	  J	  =	  7.0	  Hz,	  3H,	  COCHCH3).	  13C-‐NMR	  (101	  MHz,	  
CDCl3)	  δ:	  170.8	  (CO),	  170.7	  (CO),	  170.5	  (CO),	  170.3	  (CO),	  91.9	  (C1),	  68.0	  (C6),	  67.4	  
(C4),	  66.4	  (C3),	  61.9	  (C5),	  58.9	  (COCHCH3),	  48.1	  (C2),	  20.7	  (3C,	  COCH3),	  17.0	  
(COCHCH3).	  HRMS	  (ESI+)	  m/z	  calcd	  for	  C15H22O9N4Na	  [M+Na]+	  425.1279,	  found	  
425.1275.	  

	  
S-‐(2-‐hydroxyethyl)	  ethanethioate	  Thioacetic	  acid	  (4	  mL,	  57.5	  
mmol)	  was	  added	  to	  toluene	  (23	  mL).	  The	  mixture	  was	  cooled	  to	  0	  
°C	  and	  DBU	  (8.0	  mL,	  57.5	  mmol)	  was	  dropwise	  over	  30	  minutes	  at	  

0	  °C.	  During	  the	  addition,	  drops	  of	  H2O	  were	  added	  when	  clumps	  of	  salts	  prevented	  
stirring	  of	  the	  reaction.	  After	  complete	  DBU	  addition,	  iodoethanol	  (3.9	  mL,	  50	  mmol)	  
was	  added	  dropwise	  over	  30	  minutes	  at	  0	  °C.	  The	  resulting	  mixture	  was	  stirred	  for	  3	  
hours	  at	  room	  temperature	  whereupon	  EtOAc	  (200	  mL)	  and	  H2O	  (200	  mL)	  were	  
added.	  The	  layers	  were	  separated	  and	  the	  organic	  layer	  was	  washed	  with	  H2O	  (3	  ×	  
200	  mL)	  and	  brine	  (200	  mL)	  and	  the	  organic	  layer	  was	  dried	  over	  MgSO4.	  The	  
solvents	  were	  removed	  under	  reduced	  pressure	  and	  the	  crude	  product	  was	  purified	  
by	  gradient	  column	  chromatography	  (CH2Cl2/EtOAc,	  9:1	  to	  1:1)	  and	  the	  product	  was	  
obtained	  as	  a	  red	  oil	  (2.15	  g,	  31%).	  1H	  NMR	  (400	  MHz,	  CDCl3)	  δ:	  3.77	  (t,	  J	  =	  6.0	  Hz,	  
2H),	  3.09	  (t,	  J	  =	  6.0	  Hz,	  2H),	  2.37	  (s,	  3H).	  Analysis	  was	  in	  accordance	  with	  literature	  
precedent195.	  
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S,S'-‐((((diisopropylamino)phosphanediyl)	  
bis(oxy))bis(ethane-‐2,1-‐diyl))	  diethanethioate	  Two	  
separate	  flasks	  were	  heat-‐dried,	  evacuated	  and	  refilled	  with	  
N2-‐gas.	  In	  one	  flask,	  PCl2NiPr2	  (921	  µL,	  5	  mmol)	  was	  
dissolved	  in	  dry	  THF	  (35	  mL)	  and	  cooled	  to	  -‐78	  °C.	  To	  this	  
solution	  a	  solution	  of	  S-‐(2-‐hydroxyethyl)	  ethanethioate	  (1.2	  

g,	  10	  mmol)	  and	  NEt3	  (3	  mL,	  22	  mmol)	  in	  dry	  THF	  (12.5	  mL)	  was	  added	  dropwise	  
over	  1	  hour.	  The	  reaction	  mixture	  was	  stirred	  for	  2	  hours	  at	  room	  temperature,	  
whereupon	  the	  solids	  were	  filtered	  of.	  The	  mixture	  was	  concentrated	  in	  vacuo	  and	  
the	  crude	  product	  was	  purified	  by	  column	  chromatography	  to	  yield	  a	  colorless	  oil	  
(150	  mg,	  7.8%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ:	  3.90	  –	  3.45	  (m,	  6H),	  3.13	  (t,	  J	  =	  6.5	  Hz,	  
4H),	  2.35	  (s,	  6H),	  1.18	  (d,	  J	  =	  6.8	  Hz,	  12H).	  Analysis	  was	  in	  accordance	  with	  literature	  
precedent195.	  

	  
(2R,3R,4R,5R,6R)-‐2-‐(acetoxymethyl)-‐5-‐((S)-‐2-‐
azidopropanamido)-‐6-‐((bis(2-‐
(acetylthio)ethoxy)phosphoryl)oxy)tetrahydro-‐
2H-‐pyran-‐3,4-‐diyl	  diacetate	  Ac3GalNAzMe	  (112	  
mg,	  0.28	  mmol)	  and	  phosphoramidite	  x	  (150	  mg,	  
0.39	  mmol)	  were	  dissolved	  in	  dry	  CH3CN	  (1.5	  mL)	  in	  
a	  dry	  flask	  under	  nitrogen-‐gas.	  The	  mixture	  was	  
cooled	  to	  0	  °C	  and	  tetrazole	  (29.4	  mg,	  0.42	  mmol)	  

was	  added.	  The	  reaction	  was	  warmed	  to	  room	  temperature	  and	  stirred	  for	  one	  hour.	  
Upon	  cooling	  to	  0	  °C,	  mCPBA	  (94	  mg,	  0.42	  mmol)	  was	  added	  and	  the	  mixture	  stirred	  
for	  an	  additional	  30	  minutes	  at	  room	  temperature.	  The	  reaction	  was	  diluted	  with	  
EtOAc	  (10	  mL)	  and	  the	  organic	  layer	  was	  washed	  with	  10%	  aqueous	  Na2SO4	  (2	  ×	  10	  
mL),	  sat.	  aq.	  NaHCO3	  (2	  ×	  30	  mL)	  and	  brine	  (50	  mL).	  After	  every	  wash-‐step	  the	  
aqueous	  layer	  was	  back-‐extracted	  with	  EtOAc	  (10	  mL)	  and	  the	  organic	  layers	  were	  
combined	  prior	  to	  further	  washing.	  The	  organic	  layer	  was	  dried	  over	  MgSO4	  and	  
concentrated	  in	  vacuo.	  The	  crude	  product	  was	  purified	  by	  gradient	  column	  
chromatography	  (Hexanes:	  EtOAc,	  1:1	  to	  0:1)	  to	  obtain	  the	  product	  as	  a	  clear	  oil	  (70	  
mg,	  41%).	  Prior	  to	  using	  the	  compound	  for	  cell	  feeding,	  it	  was	  further	  purified	  by	  
HPLC	  purification.	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ:	  6.74	  (d,	  J	  =	  9.1	  Hz,	  1H,	  NH),	  5.81	  (dd,	  
J	  =	  5.7,	  3.3	  Hz,	  1H,	  C4H),	  5.50	  (dd,	  J	  =	  3.2,	  1.4	  Hz,	  1H,	  C1H),	  5.28	  (dd,	  J	  =	  11.6,	  3.1	  Hz,	  
1H,	  C3),	  4.66	  (ddt,	  J	  =	  12.2,	  9.1,	  3.3	  Hz,	  1H,	  C2H),	  4.49	  –	  4.40	  (m,	  1H,	  C6HH),	  4.32	  –	  
4.10	  (m,	  6H,	  C6HH,	  C5H,	  POCH2),	  4.06	  (q,	  J	  =	  7.0	  Hz,	  1H,	  COCHCH3N3),	  3.34	  –	  3.10	  (m,	  
4H,	  POCH2CH2),	  2.40	  (s,	  3H,	  SCOCH3),	  2.39	  (s,	  3H,	  SCOCH3),	  2.19	  (s,	  3H,	  COCH3),	  2.07	  
(s,	  3H,	  COCH3),	  2.03	  (s,	  3H,	  COCH3),	  1.54	  (d,	  J	  =	  7.1	  Hz,	  3H,	  COCHCH3N3).	  13C-‐NMR	  
(100	  MHz,	  CDCl3)	  δ:	  195.0	  (SCOCH3),	  194.7	  ((SCOCH3),	  170.6	  (CO),	  170.5	  (CO),	  170.2	  
(CO),	  170.0	  (CO),	  96.62	  (d,	  J	  =	  6.1	  Hz,	  C1),	  68.7	  (C6),	  67.1	  (C4),	  66.6	  (C3),	  66.5	  (d,	  J	  =	  
5.8	  Hz,	  POCH2CH2),	  66.35	  (d,	  J	  =	  5.9	  Hz,	  POCH2CH2),	  61.3	  (C5),	  59.0	  (COCCH3N3),	  47.8	  
(C2),	  30.5	  (2C,	  SCOCH3),	  29.00	  (d,	  J	  =	  7.4	  Hz,	  2C,	  POCH2CH2),	  20.6	  (3C,	  COCH3),	  17.2	  
(COCHCH3N3).	  31P-‐NMR	  (162	  MHz,	  CDCl3)	  δ:	  -‐3.01.	  Peak	  assignment	  in	  1H-‐NMR	  and	  
13C-‐NMR	  based	  on	  COSY	  and	  HSQC.	  HRMS	  (ESI+)	  m/z	  calcd	  for	  C23H35O14N4NaPS2	  
[M+Na]+	  709.1221,	  found	  709.1221.	  
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