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1.1	
  Introduction	
  

Intracellular	
  communication	
  is	
  vital	
  to	
  life.	
  	
  When	
  DNA	
  is	
  damaged,	
  warning	
  

signals	
  call	
  for	
  an	
  enzymatic	
  cascade	
  to	
  come	
  repair	
  it.	
  	
  When	
  proteins	
  are	
  no	
  longer	
  

needed	
   in	
   the	
   cell,	
   they	
   are	
   flagged	
   to	
   be	
   recycled.	
   Deviation	
   from	
   this	
   highly	
  

regulated	
   process	
   can	
   cause	
   chaos	
   and	
  malfunction.	
   	
   An	
   important	
  mechanism	
   of	
  

regulation	
   is	
   post-­‐translational	
  modification	
   (PTM)	
   of	
   proteins.	
   PTMs	
   function	
   by	
  

changing	
   the	
   surface	
   of	
   the	
   modified	
   protein	
   and	
   fine-­‐tuning	
   the	
   flux	
   through	
  

different	
  biochemical	
  pathways.	
   	
  One	
  important	
  PTM	
  is	
  the	
  small	
  protein	
  ubiquitin	
  

(Ub),	
  which	
  has	
  been	
  shown	
  to	
  regulate	
  DNA	
  damage	
  response,	
  protein	
  degradation,	
  

and	
  a	
  host	
  of	
  other	
  cellular	
  functions1,2.	
  My	
  graduate	
  work	
  focuses	
  on	
  providing	
  new	
  

chemical	
   tools	
   to	
   improve	
   understanding	
   of	
   Ub	
   signaling.	
   	
   In	
   this	
   chapter,	
   we	
  

describe	
  what	
  is	
  known	
  about	
  the	
  language	
  of	
  Ub	
  and	
  specifically	
  highlight	
  what	
  we	
  

have	
  added	
  to	
  better	
  understand	
  Ub	
  biology.	
  

	
  

	
  

Ubiquitin	
  

Ubiquitin	
   (Ub)	
   is	
   a	
   small	
   and	
   highly	
   stable	
   76	
   amino	
   acid	
   protein.	
   The	
   C-­‐

terminus	
  of	
  Ub	
  can	
  be	
  conjugated	
  via	
  an	
  isopeptide	
  bond	
  to	
  the	
  ε-­‐amino	
  group	
  on	
  a	
  

substrate	
   protein	
   (termed	
   mono-­‐ubiquitination).	
   	
   The	
   attachment	
   of	
   Ub	
   to	
   a	
  

substrate	
  protein	
  creates	
  an	
  additional	
  recognition	
  site	
  for	
  binding	
  partners	
  and	
  can	
  

subsequently	
  change	
  the	
  biological	
  fate	
  of	
  a	
  substrate.	
  Ub	
  can	
  also	
  act	
  as	
  a	
  substrate,	
  

leading	
  to	
  the	
  formation	
  of	
  Ub	
  chains	
  linked	
  at	
  one	
  of	
  the	
  seven	
  lysine	
  residues	
  (K6,	
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K11,	
   K27,	
   K29,	
   K33,	
   K48,	
   K63)	
   or	
   the	
   N-­‐terminus	
   (M1)	
   (Figure	
   1.1)3,4,5.	
   	
   	
   Myriad	
  

linkage	
  combinations	
  lead	
  to	
  a	
  diversity	
  of	
  Ub	
  chain	
  types.	
  

	
   The	
  substrate	
  scope	
   for	
  Ub	
   is	
  vast.	
   	
   In	
  2003,	
  Gygi	
  and	
  coworkers	
   identified	
  

1075	
   potential	
   ubiquitinated	
   proteins	
   from	
   Saccharomyces	
   cerevisiae	
   through	
   a	
  

proteomics	
  study6.	
  	
  Gygi	
  later	
  used	
  an	
  antibody	
  to	
  enrich	
  for	
  ubiquitinated	
  proteins	
  

and	
  identified	
  19,000	
  modified	
  lysine	
  residues	
  in	
  5,000	
  proteins7.	
  This	
  prevalence	
  of	
  

Ub,	
  underscores	
   the	
   importance	
  of	
  understanding	
   the	
   causes	
  and	
   the	
  outcomes	
  of	
  

ubiquitination	
  in	
  different	
  situations.	
  	
  

	
  

Figure	
  1.1.	
  The	
  crystal	
  structure	
  of	
  Ub	
  (PDB:	
  1ubq)	
  

	
  
Mechanism	
  of	
  Ub	
  attachment	
  

The	
  covalent	
  attachment	
  of	
  Ub	
   to	
  a	
   substrate	
  protein	
   is	
   facilitated	
  by	
   three	
  

enzymes:	
  E1	
  Ub-­‐activating	
  enzyme,	
  E2	
  Ub-­‐conjugating	
  enzyme,	
  and	
  E3	
  Ub	
   ligating	
  

enzyme	
  (Figure	
  1.2)8,9.	
   	
  E1	
  activates	
  the	
  C-­‐terminus	
  of	
  Ub	
  by	
  forming	
  an	
  adenylate	
  

K63

K33

K29

K11

K27

K6

K48
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and	
  subsequently	
  forms	
  a	
  thioester	
  bond	
  to	
  Ub	
  via	
  the	
  E1	
  active	
  site	
  cysteine.	
  	
  Ub	
  is	
  

then	
   transferred	
   to	
  an	
  active	
  site	
  cysteine	
  of	
  an	
  E2	
  enzyme.	
   	
  The	
  ubiquitinated	
  E2	
  

and	
  a	
   substrate	
   for	
  ubiquitination	
  are	
  brought	
   together	
  by	
   the	
  E3,	
   and	
  Ub	
   is	
   then	
  

transferred	
   to	
   the	
   ε-­‐amino	
   group	
   of	
   a	
   lysine	
   residue	
   on	
   the	
   substrate.	
  	
  

Deubiquitinating	
   enzymes	
   (DUBs)	
   cleave	
   Ub	
   chains	
   to	
   reverse	
   the	
   modification.	
  	
  

There	
  are	
  eight	
  E1s10,	
  35	
  E2s11,	
  ~600	
  E3s9,	
  and	
  ~100	
  DUBs12	
  in	
  humans.	
   	
  Overall,	
  

these	
  enzymes	
  control	
  substrate	
  specificity	
  and	
  Ub	
  chain	
  topology.	
  	
  	
  

	
  

Figure	
  1.2.	
  	
  Mechanism	
  of	
  Ub	
  modification	
  

	
  

Ub	
  Chain	
  Topology	
  	
  

Ub	
   has	
   seven	
   lysine	
   residues	
   and	
   can	
   polymerize	
   in	
   a	
   variety	
   of	
  

combinations,	
  leading	
  to	
  Ub	
  chains	
  with	
  different	
  topologies.	
  	
  Homotypic	
  Ub	
  chains	
  

extend	
   by	
   attachment	
   to	
   the	
   same	
   lysine	
   of	
   each	
   monomer.	
   	
   Heterotypic	
   linear	
  

chains	
  are	
   comprised	
  of	
   isopeptide	
   linkages	
   from	
  different	
   lysine	
   residues	
  of	
  each	
  

Ub	
   subunit13,14,15.	
   Branched	
  Ub	
   chains	
   contain	
   Ub	
  monomers	
   that	
   are	
  modified	
   at	
  

two	
  or	
  more	
  lysine	
  residues15,	
  16,17.	
  	
  (Figure	
  1.3)	
  

	
  

Ub OH

O

H2N

substrate

substrate

Ub
H
N

O

Ub Conjugation
E1, E2, E3

DUB-mediated
deconjugation

Ub Chain Formation
E1, E2, E3

DUB-mediated
chain trimming

substrate

Ub
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N

O

Ub
Ub

Ub



	
   5	
  

	
  

Figure	
  1.3.	
  Ubiquitin	
  chains	
  linkage	
  can	
  vary,	
  leading	
  to	
  different	
  possible	
  chain	
  
topologies.	
  

	
  

Ub	
  Chain	
  Function	
  

Different	
   chain	
   topologies	
   have	
   been	
   linked	
   to	
   distinct	
   cellular	
   functions.	
  	
  

Lys48	
   linked	
   chains	
   escort	
   substrates	
   to	
   the	
   26S	
   proteasome	
   and	
   lead	
   to	
  

degradation	
   of	
   the	
   ubiquitinated	
  protein18,19.	
   	
   Lys63	
   linked	
   chains	
   are	
   involved	
   in	
  

the	
   immune	
   response20	
  and	
   DNA	
   damage	
   response21,22.	
   	
   Lys11	
   linked	
   chains	
   are	
  

proteolytic	
  signals	
  as	
  well,	
  specifically	
  during	
  mitosis23,24.	
  

The	
   diversity	
   in	
   function	
   arises	
   from	
   different	
   chain	
   topologies	
   having	
  

different	
   three-­‐dimensional	
   structures,	
   thus	
   different	
   binding	
   partners.	
   	
   A	
  

hydrophobic	
   patch	
   on	
  Ub	
   (Ile44,	
   Leu8,	
   Val70,	
  His68)	
   dictates	
  many	
   of	
   its	
   binding	
  

interactions25,26,27	
  (Figure	
   1.4).	
   	
   The	
   hydrophobic	
   patch	
   is	
   displayed	
   in	
   different	
  

orientations	
  depending	
  on	
  the	
  chain	
  linkage28,29,30,31.	
  	
  	
  	
  

In	
   order	
   to	
   study	
   the	
   functions	
   of	
   different	
   Ub	
   chain	
   types,	
   it	
   is	
   helpful	
   to	
  

have	
  access	
  to	
  chains	
  of	
  defined	
  length	
  and	
  linkage	
  for	
  biochemical	
  assays.	
  	
  It	
  is	
  also	
  

substrate

Ub

H
N

O

Ub

Ub

Ub

substrate

Ub

H
N

O

Ub

Ub

Ub

substrate

Ub

H
N

O

Ub

UbUb

Homotypic Heterotypic

Linear Branched
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helpful	
   to	
   have	
   analytical	
   techniques	
   to	
   observe	
   chain	
   branching.	
   	
   The	
   projects	
  

presented	
  here	
   aim	
   to	
   advance	
   the	
  Ub	
   field	
   through	
  both	
   of	
   these	
   strategies.	
   	
  We	
  

have	
   developed	
   a	
   method	
   to	
   chemically	
   synthesize	
   well-­‐defined,	
   biomimetic	
   Ub	
  

chains	
   that	
   employs	
   a	
   radical	
   thiol-­‐ene	
   coupling	
   (TEC)	
   reaction.	
   	
   We	
   have	
   also	
  

developed	
   a	
   middle-­‐down	
   mass	
   spectrometry	
   (MS)	
   technique	
   to	
   characterize	
   Ub	
  

linkage	
  type.	
   	
  This	
  method	
  has	
  been	
  expanded	
  to	
  characterize	
  linear	
  and	
  branched	
  

Ub	
   chains.	
   	
   Prior	
   to	
  discussing	
   the	
  advances	
  we	
  have	
  made,	
   it	
   is	
   important	
   to	
  put	
  

them	
  into	
  context.	
  

	
  

Figure	
  1.4.	
  Ubiquitin	
  crystal	
  structure.	
  Lysine	
  residues	
  are	
  in	
  blue	
  and	
  the	
  
hydrophobic	
  patch	
  (L8,	
  I44,	
  H68,	
  V70)	
  is	
  in	
  green.	
  	
  

	
  

1.2	
  Synthesis	
  of	
  Ub	
  chains	
  

Enzymatic	
  Methods	
  

	
   One	
  of	
   the	
  most	
  effective	
  ways	
   to	
   synthesize	
  Ub	
  chains	
   is	
  by	
  exploiting	
   the	
  

capabilities	
   of	
   enzymes	
   that	
   have	
   inherent	
   linkage	
   selectivity.	
   	
   Pickart	
   and	
   co-­‐

workers	
   were	
   the	
   first	
   to	
   demonstrate	
   the	
   synthetic	
   utility	
   of	
   Ub	
   conjugating	
  

enzymes32.	
   	
   	
  Since	
  then,	
   four	
  enzymes	
  have	
  been	
  used	
  to	
  build	
  free	
  (unattached	
  to	
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substrate	
  protein)	
  Ub	
  chains:	
  K48-­‐specific	
  UBE2K	
  (UbcH1,	
  E2-­‐25K)33,	
  K48-­‐specific	
  

Cdc3434,	
  K63	
  specific	
  Ubc13Mms235,36,	
  and	
  K11-­‐specific	
  UBE2S37,38.	
  

Linkage	
   specificity	
   is	
   dictated	
   by	
   the	
   conjugating	
   enzyme	
   by	
   restricting	
  

orientation	
   of	
   the	
   approaching	
   of	
   the	
   Ub	
   monomers.	
   	
   Length	
   specificity	
   was	
  

originally	
  achieved	
  by	
  combining	
  linkage	
  specific	
  conjugating	
  enzymes	
  with	
  a	
  series	
  

or	
  protection	
  and	
  deprotection	
  steps,	
  both	
  enzymatic	
  and	
  chemical,	
  to	
  synthesize	
  Ub	
  

oligomers32.	
   	
  With	
   current	
   purification	
   techniques,	
   chains	
   of	
   varied	
   length	
   can	
   be	
  

synthesized	
   together,	
   and	
   then	
   separated	
   by	
   size	
   exclusion	
   chromatography,	
  

yielding	
  milligram	
  quantities	
  of	
  chains39.	
  	
  Access	
  to	
  these	
  substrates	
  opened	
  up	
  the	
  

field	
  to	
  study	
  enzymatic	
  activity	
  on	
  defined	
  chains40,41,30.	
  However,	
  there	
  are	
  many	
  

Ub	
   chain	
   types	
   that	
   are	
   not	
   accessible	
   through	
   enzymatic	
   synthesis,	
   and	
   this	
  

limitation	
   has	
   led	
   to	
   an	
   expansion	
   of	
   chemical	
   and	
   semi-­‐chemical	
   chain	
   synthesis	
  

strategies	
  to	
  generate	
  Ub	
  chains.	
  	
  

	
  

Chemical	
  Methods	
  

Chemical	
  approaches	
   towards	
   the	
  synthesis	
  of	
  defined	
  Ub	
  chains	
  overcome	
  

many	
  of	
  the	
  limitations	
  associated	
  with	
  enzymatic	
  methods.	
  For	
  example,	
  chemical	
  

methods	
  are	
  not	
   limited	
  to	
  specific	
   isopeptide	
   linkages.	
  To	
  achieve	
  regioselectivity	
  

with	
   chemical	
   methods,	
   the	
   lysine	
   residue	
   at	
   the	
   desired	
   linkage	
   site	
   must	
   be	
  

differentiated	
  from	
  the	
  other	
  six	
  lysine	
  residues	
  on	
  Ub.	
  	
  This	
  has	
  been	
  accomplished	
  

by	
   incorporating	
   artificial	
   amino	
   acids	
   at	
   the	
   lysine	
   of	
   interest,	
   and	
   also	
   by	
  

incorporating	
   differential	
   protecting	
   groups	
   on	
   the	
   lysine	
   residues42,43.	
   	
   There	
   are	
  

two	
  main	
  methods	
  to	
  install	
  artificial	
  amino	
  acids	
  into	
  Ub:	
  the	
  entire	
  protein	
  can	
  be	
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synthesized	
   by	
   peptide	
   synthesis	
  methods44,	
   or	
  Ub	
   can	
   be	
   expressed	
   and	
  purified	
  

from	
   cells	
   containing	
   an	
   orthogonal	
   tRNA/tRNA	
   synthetase	
   pair	
   that	
   is	
   optimized	
  

for	
  artificial	
  amino	
  acid	
  incorporation45.	
  	
  Brik	
  and	
  coworkers	
  employ	
  the	
  former	
  to	
  

afford	
   a	
   native	
   isopeptide	
   bond46,47,	
   while	
   Chin	
   and	
   co-­‐workers	
   have	
   focused	
   on	
  

efforts	
   to	
   efficiently	
   incorporate	
   an	
   unnatural	
   amino	
   acid	
   into	
   recombinant	
   Ub43.	
  

Chemically	
  synthesized	
  Ub	
  oligomers	
  have	
  played	
  an	
   instrumental	
  role	
   in	
  defining	
  

the	
  selectivity	
  of	
  DUBs43,48;	
  however,	
  the	
  chemical	
  synthesis	
  of	
  Ub	
  chains	
  is	
  very	
  low	
  

yielding	
  as	
  a	
   result	
  of	
  many	
   inefficient	
   steps	
   in	
   the	
  process.	
  Thus	
   this	
  approach	
   is	
  

impractical	
   for	
   generating	
   large	
   quantities	
   of	
   Ub	
   chains	
   that	
   are	
   necessary	
   for	
  

biochemical	
  and	
  structural	
  analyses.	
  	
  	
  	
  	
  

	
  

1.3	
  Characterization	
  of	
  Atypical	
  Ub	
  Chain	
  Topologies	
  

The	
   biological	
   presence	
   and	
   function	
   of	
   branched	
   Ub	
   chains	
   are	
   poorly	
  

understood	
   because	
   methods	
   for	
   generating	
   and	
   characterizing	
   branching	
   are	
  

underdeveloped.	
  	
  Branching	
  at	
  adjacent	
  lysine	
  residues	
  on	
  Ub	
  has	
  been	
  observed	
  by	
  

standard	
  Ub	
  proteomic	
  techniques49,50.	
  	
  Trypsin	
  will	
  not	
  cleave	
  after	
  a	
  lysine	
  residue	
  

that	
  is	
  engaged	
  in	
  an	
  isopeptide	
  bond.	
  Thus	
  if	
  modifications	
  occur	
  on	
  adjacent	
  lysine	
  

residues,	
   both	
  of	
   the	
   characteristic	
  GG	
  Ub	
  motifs	
   can	
  be	
   observed	
   stemming	
   from	
  

one	
  peptide	
  (Figure	
  1.5).	
  	
  If	
  the	
  branching	
  lysine	
  residues	
  contain	
  a	
  tryptic	
  digestion	
  

point	
   between	
   them,	
   then	
   the	
   GG	
   modifications	
   are	
   separated	
   in	
   the	
   digestion	
  

process,	
   and	
   the	
   resulting	
  peptides	
   are	
   indistinguishable	
   from	
   those	
  derived	
   from	
  

mixed	
   linear	
   Ub	
   chains.	
   	
   New	
   analytical	
   methods	
   that	
   are	
   amenable	
   to	
   the	
  

characterization	
   of	
   branched	
   chains	
   are	
   important	
   because	
   Rape	
   and	
   co-­‐workers	
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recently	
  showed	
  that	
  these	
  Ub	
  conjugates	
  enhance	
  proteasomal	
  degradation	
  during	
  

mitosis16.	
  	
  	
  	
  

	
  

	
  

Figure	
  1.5.	
  Peptides	
  resulting	
  from	
  full	
  tryptic	
  digest.	
  	
  Branching	
  on	
  adjacent	
  lysine	
  
residues	
   (6/11	
   branched	
   Ub)	
   results	
   in	
   one	
   peptide	
   with	
   two	
   GG	
   modifications	
  
(red).	
   	
   Branching	
   on	
   non-­‐adjacent	
   lysine	
   residues	
   (6/27	
   branched	
   Ub)	
   leads	
   to	
   a	
  
division	
  of	
  GG	
  modifications	
  onto	
  two	
  separate	
  peptides	
  (green	
  and	
  purple).	
  

	
  

1.4	
  Ub	
  chain	
  characterization	
  methods	
  

Hampering	
   our	
   understanding	
   of	
   Ub	
   chain	
   branching	
   is	
   a	
   lack	
   of	
  

characterization	
   techniques.	
   	
   Analytical	
   techniques	
   that	
   have	
   provided	
   the	
   most	
  

insight	
  to	
  connect	
  Ub	
  linkage	
  to	
  function	
  include,	
  linkage	
  specific	
  antibodies,	
  the	
  use	
  

of	
  K-­‐to-­‐R	
  Ub	
  variants,	
  and	
  mass	
  spectrometry	
  (MS).	
  	
  Each	
  technique	
  has	
  limitations	
  

in	
  the	
  context	
  of	
  characterizing	
  branched	
  chains.	
  	
  	
  

M Q I F V K T L T G K T I T L E V E P S D T I E N V K     A K  

I Q D K     E G I P P D Q Q R      L I F A G K      Q L E D G R      

T L S D Y N I Q K     E S T L H L V L R      L R     G G

GG GG

M Q I F V K T L T G K      T I T L E V E P S D T I E N V K A K
I Q D K      E G I P P D Q Q R      L I F A G K      Q L E D G R    

T L S D Y N I Q K     E S T L H L V L R      L R     G G

GG GG

6/11 Branched Ub

6/27 Branched Ub
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Linkage	
   specific	
   antibodies	
   are	
   useful	
   for	
   gaining	
   knowledge	
   about	
   the	
   co-­‐

localization	
  of	
  specific	
  Ub	
  chains	
  and	
  other	
  cellular	
  proteins,	
  but	
  antibodies	
  are	
  only	
  

available	
  for	
  M151,	
  K1152,	
  K48,	
  and	
  K6353	
  linked	
  chains	
  and	
  therefore	
  report	
  on	
  the	
  

presence	
   of	
   a	
   linkage	
   between	
   two	
   Ub	
   subunits.	
   	
   The	
   use	
   of	
   Ub	
   K-­‐to-­‐R	
   variants	
  

blocks	
   chain	
   extension	
   through	
   specific	
   sites,	
   thus	
   preventing	
   downstream	
  events	
  

associated	
  with	
   a	
   particular	
   polyUb	
   chain54,55.	
   	
   By	
   knocking	
   out	
   specific	
   points	
   of	
  

chain	
   attachment,	
   phenotypic	
   observations	
   can	
   be	
   tracked	
   to	
   the	
   absence	
   of	
   a	
  

specific	
  Ub	
  chain	
  linkage.	
  However,	
  the	
  dynamics	
  of	
  chain	
  formation	
  and	
  recognition	
  

can	
  be	
  affected	
  when	
  native	
   residues	
  are	
  altered.	
   	
  Furthermore,	
   in	
  cellular	
   studies	
  

with	
  KxR	
  Ub	
  is	
  prone	
  to	
  contamination	
  by	
  residual	
  wild	
  type	
  Ub.	
  Mass	
  spectrometry	
  

(MS)	
   is	
   arguably	
   the	
   most	
   powerful	
   approach	
   to	
   distinguish	
   which	
   linkages	
   are	
  

present	
   in	
   a	
   given	
   sample	
   of	
   Ub	
   chains.	
  MS	
   techniques,	
   as	
   described	
   below,	
   have	
  

afforded	
   a	
   wealth	
   of	
   information	
   regarding	
   the	
   identity	
   of	
   ubiquitinated	
   protein	
  

substrates.	
  	
  	
  	
  	
  	
  

	
  

Bottom-­‐up	
  mass	
  spectrometry	
  

Bottom-­‐up	
   MS	
   is	
   a	
   highly	
   used	
   technique	
   to	
   probe	
   biological	
   systems56,57.	
  	
  

Advancements	
  in	
  instrumentation	
  and	
  reference	
  database	
  analysis	
  have	
  opened	
  up	
  

the	
  field	
  of	
  proteomics	
  to	
  high	
  throughput	
  analysis	
  that	
  can	
  detect	
  even	
  low	
  levels	
  of	
  

proteins	
  in	
  any	
  system.	
  	
  	
  

A	
   typical	
   sample	
   preparation	
   and	
   analysis	
   involves:	
   obtaining	
   a	
   protein	
  

mixture	
  of	
  interest,	
  digesting	
  the	
  proteins	
  to	
  small	
  peptide	
  fragments,	
  injecting	
  the	
  

peptide	
  mixture	
   into	
  a	
  chromatography	
  column	
  (reverse	
  phase	
  chromatography	
   is	
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widely	
  used),	
  ionization	
  of	
  the	
  sample,	
  detection	
  of	
  the	
  mass	
  of	
  the	
  peptides,	
  and	
  in	
  

situ	
   fragmentation	
   of	
   abundant	
   peptides	
   to	
   discover	
   their	
   amino	
   acid	
   sequence.	
  	
  

Detected	
  peptides	
  are	
  searched	
  through	
  a	
  database	
  that	
  matches	
  predicted	
  peptides	
  

to	
   full	
   proteins.	
   	
   This	
   type	
   of	
   analysis	
   is	
   helpful	
   in	
   identifying	
   protein	
   binding	
  

partners	
  or	
  complexes,	
  or	
  looking	
  at	
  the	
  presence/absence	
  of	
  a	
  particular	
  protein	
  in	
  

a	
  given	
  system.	
  Developments	
  in	
  quantification	
  techniques	
  also	
  provide	
  insight	
  into	
  

the	
  relative	
  and	
  absolute	
  levels	
  of	
  proteins	
  under	
  different	
  biological	
  conditions58,59,	
  

e.g.	
  when	
  comparing	
  diseased	
  and	
  healthy	
  samples.	
  

Bottom-­‐up	
  MS	
  has	
  contributed	
   to	
   the	
  Ub	
   field	
  by	
   identifying	
  chain	
   linkages	
  

and	
  ubiquitinated	
  substrates60.	
  	
  Access	
  to	
  this	
  information	
  is	
  possible	
  because	
  of	
  the	
  

distinct	
   structure	
   of	
   the	
   Ub	
   isopeptide	
   linkage.	
   	
   The	
   ε-­‐amino	
   group	
   of	
   the	
   lysine	
  

residue	
   is	
   attached	
   to	
   the	
   C-­‐terminal	
   glycine	
   residue	
   of	
   Ub.	
   	
  When	
   Ub	
   chains	
   are	
  

digested	
  with	
  trypsin,	
  peptide	
  bonds	
  after	
  basic	
  residues	
  are	
  hydrolyzed,	
  releasing	
  

Arg74,	
   and	
   leaving	
   any	
   ubiquitinated	
   lysines	
   still	
   tethered	
   to	
   G75G76	
   via	
   an	
  

isopeptide	
  bond.	
  	
  This	
  canonical	
  GG	
  marker	
  has	
  been	
  tracked	
  extensively	
  to	
  provide	
  

much	
  of	
  the	
  current	
  insight	
  into	
  Ub	
  chain	
  linkage.	
  	
  Since	
  bottom	
  up	
  MS	
  involves	
  full	
  

digestion	
  of	
  proteins	
   to	
  peptides,	
   information	
   regarding	
  multiple	
  modifications	
  on	
  

one	
  protein,	
  e.g.	
  chain	
  branching,	
  cannot	
  be	
  unambiguously	
  identified.	
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Figure	
  1.6.	
  Bottom-­‐up	
  versus	
  top-­‐down	
  MS	
  techniques	
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Top-­‐down	
  mass	
  spectrometry	
  

Top-­‐down	
   MS	
   techniques	
   have	
   been	
   developed	
   to	
   analyze	
   multiple	
  

modifications	
  on	
  one	
  protein,	
  but	
  this	
  approach	
  has	
  not	
  been	
  applied	
  to	
  the	
  analysis	
  

of	
   Ub	
   chain	
   branching.	
   	
   Advancements	
   in	
   protein	
   ionization	
   and	
   high-­‐resolution	
  

detection	
  methods	
  have	
  expanded	
  the	
  utility	
  of	
  top-­‐down	
  MS61,62,63.	
  	
  	
  

The	
   typical	
   sample	
   preparation	
   and	
   analysis	
   involves:	
   obtaining	
   a	
   protein	
  

mixture	
  of	
   interest,	
   ionizing	
   the	
  protein,	
   gathering	
   spectra	
   for	
   the	
   full	
  mass	
  of	
   the	
  

intact	
  protein,	
  isolation	
  of	
  a	
  desired	
  charge	
  state,	
  fragmentation	
  by	
  electron	
  capture	
  

dissociation	
   (ECD)	
   or	
   collision	
   induced	
   dissociation	
   (CID),	
   analysis	
   of	
   fragments,	
  

extracting	
   sequence	
   data	
   from	
   observed	
   fragments	
   by	
   comparing	
   to	
   predicted	
  

fragments.	
  

This	
   technique	
   has	
   advantages	
   for	
   analyzing	
   proteins	
   with	
  multiple	
   PTMs.	
  

Mixtures	
  of	
  singly	
  and	
  doubly	
  modified	
  proteins	
  are	
  isolated	
  within	
  the	
  instrument,	
  

and	
  then	
  fragmented	
  and	
  analyzed	
  separately.	
  	
  Thus,	
  distinctions	
  between	
  modified	
  

residues	
   in	
   different	
   isoforms	
   are	
   observable.	
   	
   Also,	
   ECD	
   fragmentation	
   cleaves	
   a	
  

variety	
  of	
   sites,	
  without	
  bias	
  of	
  bond	
  strength64.	
   	
  The	
  utility	
  of	
  ECD	
   fragmentation	
  

has	
   been	
   demonstrated	
   extensively	
   for	
   phosphorylated	
   proteins65.	
  Weaker	
   bonds	
  

tethering	
  phospho	
  groups	
   remain	
   intact,	
  while	
   the	
  peptide	
  backbone	
   is	
   cleaved	
   in	
  

different	
  places,	
  giving	
  rise	
  to	
  more	
  complete	
  coverage	
  of	
  all	
  possible	
  fragmentation	
  

sites.	
   	
   High	
   coverage	
   of	
   all	
   possible	
   fragments	
   leads	
   to	
   greater	
   accuracy	
   when	
  

identifying	
  residues	
  that	
  contain	
  modifications.	
  

	
   Bottom-­‐up	
  and	
  top-­‐down	
  MS	
  can	
  be	
  combined	
  to	
  create	
  a	
  new	
  method	
  for	
  Ub	
  

chain	
   analysis	
   -­‐	
   termed	
   middle-­‐down	
   MS66.	
   	
   Due	
   to	
   the	
   inherent	
   stability	
   of	
   Ub,	
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minimal	
   trypsin	
  digest	
   conditions	
  can	
  be	
  modified	
   to	
  cleave	
  only	
  after	
  R74,	
  which	
  

resides	
   in	
   the	
   flexible	
   linker	
   near	
   the	
   isopeptide	
   bond.	
   	
   The	
   GG	
   isopeptide	
  

modification	
  remains	
  on	
  any	
  lysine	
  residue	
  that	
  served	
  as	
  a	
  chain	
  linkage	
  site.	
  	
  The	
  

partial	
  digestion	
  conditions	
  only	
  cleave	
  Ub	
  chains	
  to	
  monomers,	
  leaving	
  the	
  Ub	
  core	
  

intact.	
   Thus	
  monomers	
  with	
   two	
  GG	
  modifications	
   are	
   distinguishable	
   from	
   those	
  

with	
  one	
  GG	
  modification,	
  providing	
  an	
  opportunity	
  to	
  observe	
  and	
  characterize	
  Ub	
  

chain	
  branching.	
  	
  	
  	
  

	
  

1.5	
  Conclusion	
  

	
   Ubiquitin	
   plays	
   an	
   important	
   role	
   in	
   regulating	
   many	
   cellular	
   functions.	
  	
  

Access	
   to	
   synthetic	
   Ub	
   substrates	
   and	
   development	
   of	
   analytical	
   techniques	
   have	
  

advanced	
   mechanistic	
   understanding,	
   but	
   there	
   is	
   still	
   more	
   to	
   uncover.	
   	
   In	
  

particular,	
   very	
   little	
   is	
   known	
   about	
   atypical	
   Ub	
   chains	
   with	
   alternating	
   chain	
  

linkages	
  or	
  chain	
  branching.	
  With	
  new	
  techniques,	
  we	
  can	
  discover	
  more	
  about	
  the	
  

biological	
  functions	
  of	
  branched	
  Ub	
  chains.	
  	
  I	
  have	
  developed	
  two	
  techniques	
  to	
  aid	
  

in	
   this	
   endeavor:	
   	
   thiol-­‐ene	
   coupling	
   chemistry	
   provides	
   access	
   to	
   branched	
   Ub	
  

substrates	
  and	
  middle-­‐down	
  MS	
  to	
  unambiguously	
  detects	
  branched	
  chains.	
  

	
  

1.6	
  Forward	
  to	
  thesis	
  

	
   In	
   this	
   thesis,	
   I	
   will	
   highlight	
   the	
   work	
   I	
   have	
   done	
   to:	
   synthesize	
   Ub	
  

substrates	
  for	
  biochemical	
  investigations;	
  and	
  advance	
  middle-­‐down	
  MS	
  techniques	
  

to	
   characterize	
   Ub	
   chains.	
   	
   Chapter	
   2	
   describes	
   the	
   development	
   of	
   thiol-­‐ene	
  

chemistry	
  to	
  form	
  specific	
  Ub	
  dimers	
  linked	
  at	
  any	
  lysine	
  residue.	
  Chapter	
  3	
  expands	
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on	
  this	
  technique	
  to	
  form	
  longer	
  chains	
  and	
  analyzes	
  their	
  stability	
  in	
  the	
  presence	
  

of	
   deubiquitinating	
   enzymes.	
   	
   Chapter	
   4	
   addresses	
   the	
   advancement	
   of	
   middle-­‐

down	
   MS	
   as	
   an	
   analytical	
   technique	
   to	
   characterize	
   chain	
   branching.	
   	
   Finally,	
  

chapter	
  5	
  shows	
  preliminary	
  data	
  for	
  expansion	
  of	
  the	
  middle-­‐down	
  MS	
  technique	
  

to	
  identify	
  chain	
  branching	
  from	
  cells.	
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2.1	
  ABSTRACT	
  	
  

Chemical	
   methods	
   for	
   modifying	
   proteins	
   can	
   enable	
   studies	
   aimed	
   at	
   uncovering	
  

biochemical	
  function.	
  	
  Herein,	
  we	
  describe	
  the	
  use	
  of	
  thiol-­‐ene	
  coupling	
  (TEC)	
  chemistry	
  to	
  

report	
  on	
  the	
  function	
  of	
  branched	
  (also	
  referred	
  to	
  as	
  forked)	
  trimeric	
  ubiquitin	
  (tri-­‐Ub)	
  

polymers.	
   	
  First,	
  we	
  show	
  how	
  site-­‐specific	
   isopeptide	
  (Nε-­‐Gly-­‐L-­‐homothiaLys)	
  bonds	
  are	
  

forged	
   between	
   two	
   molecules	
   of	
   Ub,	
   demonstrating	
   the	
   power	
   of	
   TEC	
   in	
   protein	
  

conjugation.	
   	
   Second,	
  we	
   demonstrate	
   that	
   the	
  Nε-­‐Gly-­‐L-­‐homothiaLys	
   isopeptide	
   bond	
   is	
  

processed	
   to	
   a	
   similar	
   extent	
  by	
  deubiquitinases	
   (DUBs)	
   as	
   that	
   of	
   a	
  native	
  Nε-­‐Gly-­‐L-­‐Lys	
  

isopeptide	
  bond,	
  thereby	
  establishing	
  the	
  utility	
  of	
  TEC	
  in	
  the	
  generation	
  of	
  Ub-­‐Ub	
  linkages.	
  	
  

Lastly,	
  TEC	
  is	
  applied	
  to	
  the	
  synthesis	
  of	
  branched	
  tri-­‐Ub	
  derivatives,	
  where	
  the	
  position	
  of	
  

branching	
  Ub	
  units	
  is	
  varied.	
  	
  Interrogation	
  of	
  these	
  branched	
  polymers	
  with	
  DUBs	
  reveals	
  

that	
   the	
   relative	
   orientation	
   of	
   the	
   two	
  Ub	
  units	
   has	
   a	
   dramatic	
   impact	
   on	
  how	
   they	
   are	
  

hydrolyzed.	
   	
   In	
   particular,	
   cleavage	
   of	
   K48C-­‐linkages	
   is	
   suppressed	
  when	
   the	
   central	
   Ub	
  

unit	
  is	
  also	
  conjugated	
  through	
  K6C,	
  whereas	
  cleavage	
  proceeds	
  normally	
  when	
  the	
  central	
  

unit	
  is	
  conjugated	
  through	
  either	
  K11C	
  or	
  K63C.	
  	
  The	
  results	
  of	
  this	
  work	
  presage	
  a	
  role	
  for	
  

branched	
  polymeric	
  Ub	
  chains	
  in	
  regulating	
  linkage-­‐selective	
  interactions.	
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2.2	
  Introduction	
  	
  

Addition	
  of	
  thiyl	
  radicals	
  to	
  alkenes,	
  termed	
  thiol-­‐ene	
  coupling	
  (TEC),	
  has	
  the	
  potential	
  to	
  

serve	
  as	
  a	
  powerful	
  method	
  for	
  chemically	
  modifying	
  proteins.1	
  The	
  reason	
  is	
  manifold:	
  1)	
  

bimolecular	
  rate	
  constants	
  on	
  the	
  order	
  of	
  106	
  M-­‐1s-­‐1	
  have	
  been	
  measured	
  for	
  the	
  addition	
  

of	
  thiyl	
  radicals	
  to	
  alkenes,2	
  which	
  is	
  ideal	
  for	
  carrying	
  out	
  reactions	
  with	
  proteins	
  at	
  mM	
  

concentration;3	
   2)	
   the	
   ability	
   to	
   employ	
   standard	
   recombinant	
   proteins;4	
   and	
   3)	
   the	
  

potential	
   to	
   forge	
   stable	
   thioether	
   linkages	
   that	
   closely	
   mimic	
   amino	
   acid	
   side	
   chains.	
  	
  

Despite	
  these	
  advantages,	
  TEC	
  has	
  seen	
  limited	
  use	
  in	
  the	
  direct	
  modification	
  of	
  cysteines	
  

residues	
  in	
  proteins,	
  presumably	
  due	
  to	
  the	
  number	
  of	
  side	
  reactions	
  a	
  thiyl	
  (CysS•)	
  radical	
  

can	
   undergo.5	
   Nevertheless,	
   there	
   are	
   examples	
   of	
   TEC	
   with	
   peptides	
   and	
   proteins,	
  

suggesting	
   in	
   the	
   presence	
   of	
   an	
   alkene	
   side	
   reactions	
   based	
   on	
   CysS•	
   are	
   not	
  

competitive.4,6	
   Inspired	
   by	
   these	
   studies,	
   we	
   reasoned	
   TEC	
   could	
   be	
   exploited	
   in	
   the	
  

construction	
   of	
   isopeptide	
   bonds,	
   an	
   abundant	
   linkage	
   established	
   during	
   the	
  

posttranslational	
   modification	
   of	
   proteins	
   with	
   information-­‐rich	
   acyl	
   groups	
   such	
   as	
  

ubiquitin	
  (Ub)	
  and	
  Ub-­‐like	
  proteins.7	
  	
  	
  

A	
  number	
  of	
  reports	
  have	
  recently	
  emerged	
  describing	
  chemical	
  approaches	
  to	
  the	
  site-­‐

specific	
   conjugation	
   of	
   Ub	
  molecules	
   through	
   native	
  Nε-­‐Gly-­‐L-­‐Lys	
   isopeptide	
   linkages	
   as	
  

well	
   as	
   various	
   nonnative	
   linkages.8	
   	
   Indeed,	
   some	
   of	
   the	
   methods	
   have	
   elucidated	
   key	
  

structural	
   distinctions	
   between	
   Ub	
   dimers	
   linked	
   through	
   different	
   lysines9	
   (there	
   are	
  

seven	
  available:	
  K6,	
  K27,	
  K29,	
  K33,	
  K48,	
  and	
  K63),	
  and	
  enabled	
  studies	
  that	
  uncovered	
  how	
  

the	
  structure	
  and	
  function	
  of	
  target	
  proteins	
  is	
  altered	
  upon	
  Ub	
  modification.10	
   	
  However,	
  

many	
   of	
   the	
   chemical	
   methods	
   designed	
   to	
   recapitulate	
   the	
  Nε-­‐Gly-­‐L-­‐Lys	
   linkage	
   suffer	
  

from	
   drawbacks	
   such	
   as	
   (i)	
   instability	
   in	
   the	
   case	
   of	
   disulfide	
   bonds,	
   (ii)	
   the	
   number	
   of	
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synthetic	
   manipulations	
   required,	
   and	
   (iii)	
   the	
   use	
   of	
   specialized	
   recombinant	
   DNA	
  

technologies	
  for	
  incorporating	
  unnatural	
  amino	
  acids.	
  	
  Development	
  of	
  additional	
  methods	
  

is	
  therefore	
  necessary	
  to	
  gain	
  rapid	
  access	
  to	
  a	
  diverse	
  range	
  of	
  Ub	
  modified	
  targets.	
  	
  

We	
  hypothesized	
  TEC	
  would	
  provide	
  an	
  alternative	
  to	
  known	
  chemical	
  approaches	
  for	
  

forming	
   isopeptide	
   linkages,	
   as	
   standard	
   recombinant	
   proteins	
   can	
   be	
   employed	
   with	
  

minimal	
  synthetic	
  effort.	
  	
  For	
  instance,	
  the	
  conjugation	
  of	
  Ub	
  to	
  a	
  target	
  protein	
  requires	
  a	
  

protein	
  harboring	
  a	
  cysteine	
  residue	
  in	
  lieu	
  of	
  a	
  lysine	
  ––	
  a	
  mutation	
  introduced	
  using	
  site-­‐

directed	
  mutagenesis	
  ––	
  and	
  Ub	
  bearing	
  small	
  alkene	
  such	
  as	
  allylamine	
  (AA)	
  appended	
  to	
  

the	
  C-­‐terminus.	
  	
  	
  Upon	
  TEC,	
  an	
  Nε-­‐Gly-­‐L-­‐homothiaLys	
  isopeptide	
  bond	
  would	
  be	
  furnished,	
  

which	
  is	
  only	
  one	
  atom	
  longer	
  (~2.4	
  Å)	
  than	
  the	
  native	
  linkage:	
  an	
  alteration	
  not	
  expected	
  

to	
   perturb	
   function.11	
   	
   Herein,	
   we	
   describe	
   the	
   successful	
   application	
   of	
   TEC	
   in	
   the	
  

concatenation	
   of	
   Ub	
   molecules	
   that	
   exhibit	
   similar	
   behavior	
   as	
   those	
   constructed	
  

enzymatically.	
   	
   Moreover,	
   we	
   show	
   how	
   TEC	
   can	
   be	
   used	
   to	
   reveal	
   biochemical	
   details	
  

associated	
  with	
  a	
  unique	
  set	
  of	
  Ub	
  polymers	
  referred	
   to	
  as	
  branched	
  chains,	
   i.e.,	
  where	
  a	
  

single	
  Ub	
  unit	
  is	
  attached	
  through	
  multiple	
  lysines	
  to	
  other	
  Ub	
  molecules.	
  	
  

2.3	
  Results	
  and	
  Discussion	
  	
  

Our	
  studies	
  commenced	
  with	
  the	
  installation	
  of	
  AA	
  at	
  the	
  C-­‐terminus	
  of	
  Ub.	
  	
  To	
  accomplish	
  

this	
  goal,	
  we	
  turned	
  to	
  a	
  class	
  of	
  proteases	
  referred	
  to	
  as	
  Ub	
  C-­‐terminal	
  hydrolases	
  (UCHs).	
  

UCHs	
   promote	
   hydrolysis	
   of	
   Ub	
   variants	
   carrying	
   C-­‐terminal	
   extensions	
   through	
   the	
  

formation	
   of	
   a	
   Ub1-­‐76-­‐S-­‐UCH	
   acyl-­‐enzyme	
   intermediate.12	
   	
   Based	
   on	
   this	
   enzymatic	
   logic	
  

along	
  with	
  the	
  reversible	
  nature	
  of	
  proteases,	
  AA	
  was	
  added	
  in	
  large	
  excess	
  relative	
  to	
  a	
  Ub	
  

variant	
  harboring	
  a	
  C-­‐terminal	
  aspartate	
  cap	
  (UbD77)	
  in	
  the	
  presence	
  of	
  the	
  yeast	
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Figure	
  2.1.	
  	
  Construction	
  of	
  K48C-­‐linked	
  Ub2	
  using	
  TEC.	
  (A)	
  Reaction	
  scheme	
  for	
  the	
  TEC	
  of	
  
Ub-­‐AA	
  and	
  UbK48C	
  (PDB	
  code	
  for	
  Ub	
  structure	
  shown:	
  1UBQ).	
  (B)	
  Structures	
  of	
  the	
  free-­‐
radical	
   initiators	
   used	
   in	
   this	
   study.	
   (C)	
   Coomassie-­‐stained	
   SDS-­‐PAGE	
   analysis	
   of	
   TEC	
  
reactions	
   carried	
  out	
  with	
  different	
   initiators.	
  Each	
   lane	
   represents	
   a	
   reaction	
   conducted	
  
with	
  Ub-­‐AA	
  (1	
  mM)	
  and	
  UbK48C	
  (1	
  mM),	
  and	
  free-­‐radical	
  initiator	
  LAP	
  (0.1	
  mM)	
  or	
  V-­‐50	
  
(100	
  mM)	
  at	
  pH	
  5.0.	
  	
  In	
  the	
  case	
  of	
  LAP,	
  the	
  reactions	
  were	
  irradiated	
  with	
  long	
  wavelength	
  
light	
   at	
   365	
  nm.	
  Black	
  dot	
   indicates	
  presence	
  of	
   specified	
   reaction	
   component.	
   	
   (D)	
   SDS-­‐
PAGE	
  analysis	
  of	
  TEC	
  reactions	
  with	
  varying	
  concentrations	
  of	
  the	
  LAP	
  photoinitiator.	
  	
  
	
  

UCH	
  YUH1.	
  Under	
  these	
  conditions,	
  we	
  found	
  the	
  AA	
  adduct	
  of	
  Ub1-­‐76	
  (herein	
  termed	
  Ub-­‐

AA)	
  could	
  readily	
  be	
  obtained	
  in	
  ~	
  30%	
  yield	
  (see	
  Materials	
  and	
  Methods).	
  	
  This	
  procedure	
  

enables	
  production	
  of	
  Ub-­‐AA	
  on	
  milligram	
  scale.	
  	
  	
  	
  

With	
  a	
  method	
   to	
  generate	
  Ub-­‐AA,	
  we	
  examined	
  conditions	
   to	
  carry	
  out	
  TEC	
  with	
  Ub	
  

K48C	
  obtained	
  through	
  site-­‐directed	
  mutagenesis	
  (Figure	
  2.1A).	
  	
  After	
  screening	
  a	
  series	
  of	
  

water-­‐soluble	
   free-­‐radical	
   initiators,	
   the	
   two	
   that	
   proved	
   most	
   effective	
   in	
   terms	
   of	
   the	
  

amount	
  of	
  Ub	
  dimer	
  formed	
  were	
  the	
  lithium	
  acyl	
  phosphinate	
  (LAP)13	
  photoinitiator	
  and	
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heat-­‐activated	
   AIBN	
   derivative	
   Vazo-­‐50,	
   also	
   called	
   V-­‐50	
   (Figure	
   2.1B).	
   	
   Control	
  

experiments,	
   however,	
   revealed	
   clear	
  distinctions	
  between	
   these	
   two	
   initiators.	
   	
  Namely,	
  

when	
   Ub-­‐AA	
  was	
   omitted	
   from	
   the	
   reaction	
  with	
   V-­‐50	
   and	
   replaced	
  with	
  wild	
   type	
   Ub,	
  

dimer	
  formation	
  was	
  not	
  abolished.	
  	
  By	
  contrast,	
  in	
  similar	
  control	
  experiments	
  with	
  LAP,	
  a	
  

band	
  for	
  the	
  dimer	
  was	
  not	
  observed	
  (Figure	
  2.1C,	
  compare	
  lanes	
  5	
  and	
  7).	
  	
  These	
  results	
  

suggest	
  that	
  at	
  the	
  temperature	
  required	
  to	
  activate	
  V-­‐50	
  (50	
  °C),	
  the	
  Ub	
  structure	
  becomes	
  

more	
  dynamic	
  possibly	
  promoting	
  reaction	
  pathways	
  other	
  than	
  TEC.	
  	
  Hence,	
  our	
  attention	
  

shifted	
  to	
  LAP	
  as	
  the	
  photoinitiator	
  in	
  the	
  coupling	
  of	
  UbK48C	
  to	
  Ub-­‐AA,	
  as	
  it	
  was	
  evident	
  

that	
   formation	
   of	
   dimer	
   was	
   dependent	
   on	
   the	
   presence	
   of	
   each	
   reaction	
   component	
  

(Figure	
   2.1C,	
   lane	
   1	
   vs.	
   lanes	
   2-­‐5).	
   	
   Subsequent	
   optimization	
   studies	
   revealed	
   a	
  marked	
  

improvement	
   in	
   the	
   amount	
   of	
   dimer	
   formed	
  with	
   higher	
   concentrations	
   of	
   LAP	
   (Figure	
  

2.1D).	
   	
  Accordingly,	
   the	
  use	
  of	
  0.5	
  mM	
  LAP	
   furnished	
  milligram	
  quantities	
  of	
   the	
  desired	
  

product	
  after	
  ion-­‐exchange	
  chromatography.	
  

Extensive	
   characterization	
   of	
   the	
   K48C-­‐linked	
   dimer	
   was	
   conducted	
   using	
   high-­‐

resolution	
   tandem	
   mass	
   spectrometry	
   (MS/MS)	
   on	
   a	
   Fourier-­‐transform	
   ion	
   cyclotron	
  

resonance	
   mass	
   spectrometer	
   (FT-­‐ICR).	
   	
   Crude	
   TEC	
   reactions	
   were	
   monitored	
   by	
   MS	
  

analysis	
   of	
   intact	
   proteins.	
   	
   Peaks	
   corresponding	
   to	
   two	
   distinct	
   ionization	
   states	
   of	
   the	
  

dimer	
   (z	
   =	
   17	
   and	
   18)	
   are	
   readily	
   detected	
  when	
  TEC	
   reactions	
   are	
   carried	
   out	
  with	
   all	
  

components	
  (Figure	
  2.2A).	
  	
  In	
  addition,	
  a	
  peak	
  16	
  daltons	
  (Da)	
  larger	
  than	
  the	
  dimer	
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Figure	
  2.2.	
  	
  Representative	
  mass	
  spectrometric	
  (MS)	
  analysis	
  of	
  K48C-­‐linked	
  Ub	
  dimer.	
  (A)	
  
FT-­‐ICR	
  MS	
   analysis	
   of	
   crude	
   reaction	
  mixture	
   shown	
   in	
   Figure	
  2C.	
   	
   *	
   corresponds	
   to	
   the	
  
mass	
  of	
  Ub-­‐AA	
  plus	
  the	
  phosphinate	
  portion	
  of	
  LAP	
  (Scheme	
  S3).	
  	
  (B)	
  An	
  individual	
  charge	
  
state	
  (z	
  =	
  18	
  or	
  M18+)	
  of	
  purified	
  K48C-­‐linked	
  Ub	
  dimer.	
   	
  The	
  isotopic	
  distribution	
  shown	
  
here	
   represents	
   the	
   intact	
  mass	
   of	
   full-­‐length	
   dimer.	
   	
   The	
   red	
   circles	
   correspond	
   to	
   the	
  
theoretical	
  distribution	
  of	
  isotopic	
  abundance.	
  	
  (C	
  and	
  D)	
  Representative	
  ECD	
  spectra	
  of	
  a	
  
minimal	
  trypsin	
  digest	
  of	
  K48C-­‐linked	
  Ub	
  dimer	
  indicating	
  the	
  installation	
  of	
  a	
  Gly-­‐Gly-­‐AA	
  
motif	
  at	
  Ub	
  residue	
  48.	
  	
  The	
  c	
  ions	
  are	
  shown	
  for	
  a	
  fragment	
  containing	
  the	
  first	
  47	
  residues	
  
(C)	
  and	
  a	
  fragment	
  containing	
  the	
  first	
  48	
  residues	
  (D).	
  	
  	
  
	
  

was	
  always	
  observed,	
  which	
  might	
  be	
  attributed	
  to	
   the	
  oxidation	
  of	
   the	
  thioether	
   linkage	
  

since	
  it	
  is	
  not	
  observed	
  in	
  control	
  experiments.	
  The	
  highly	
  accurate	
  mass	
  measurement	
  of	
  

the	
   purified	
   K48C-­‐linked	
   dimer	
   (3.5	
   ppm	
   between	
   the	
   experimental	
   and	
   theoretical	
  

molecular	
   weights)	
   provides	
   strong	
   evidence	
   for	
   the	
   formation	
   of	
   the	
   desired	
   product	
  

(Figure	
   2.2B).	
   	
   To	
   then	
   verify	
   modification	
   of	
   position-­‐48,	
   electron	
   capture	
   dissociation	
  

(ECD)14,	
  a	
  non-­‐ergodic	
  MS/MS	
  technique,	
  was	
  performed	
  with	
  a	
  minimal	
  trypsin	
  digest	
  of	
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K48C-­‐linked	
  dimer.	
  	
  Minimal	
  digest	
  removes	
  the	
  C-­‐terminal	
  diGly	
  motif	
  leaving	
  a	
  Ub1-­‐74	
  unit	
  

with	
  a	
  Gly-­‐Gly-­‐AA	
  (171	
  amu)	
  appendage	
  (Figure	
  2.12);	
  this	
  greatly	
  simplifies	
  ECD	
  analysis.	
  	
  

ECD	
  spectra	
  report	
  on	
  the	
  extensive	
  fragmentation	
  of	
  N-­‐terminal	
  c	
   ions	
  and	
  C-­‐terminal	
  z•	
  

ions	
  (Figure	
  2.15),	
  and	
  the	
  fragmentation	
  pattern	
  surrounding	
  position-­‐48	
  unambiguously	
  

verified	
   incorporation	
   of	
   the	
   desired	
  modification	
   at	
   this	
   position	
   (Figures	
   2.2C	
   and	
   D).	
  	
  

Taken	
   together,	
   SDS-­‐PAGE	
   and	
   MS	
   data	
   argue	
   that	
   TEC	
   is	
   a	
   robust	
   method	
   for	
   site-­‐

specifically	
  coupling	
  two	
  proteins	
  and	
  generating	
  K48C-­‐linked	
  Ub	
  dimers.	
  	
  

Encouraged	
  by	
  these	
  results,	
  we	
  investigated	
  the	
  application	
  of	
  TEC	
  in	
  the	
  synthesis	
  of	
  

topoisomers,	
  e.g.,	
  dimers	
   linked	
   through	
  K6C,	
  K11C,	
  K27C,	
  K29C,	
  K33C,	
  and	
  K63C.	
   	
  Using	
  

similar	
   conditions	
   to	
   those	
   optimal	
   for	
   the	
   K48C-­‐linked	
   dimer,	
   K6C-­‐,	
   K11C-­‐,	
   and	
   K63C-­‐

linked	
  dimers	
  were	
  obtained	
  in	
  yields	
  comparable	
  to	
  K48C	
  (Figure	
  2.7).	
  However,	
  synthesis	
  

of	
   K29C-­‐,	
   K33C-­‐,	
   and	
   in	
   particular	
   the	
   K27C-­‐linked	
   dimer	
   proved	
   more	
   challenging.	
  	
  

Specifically,	
  high-­‐resolution	
  FT-­‐ICR	
  MS	
  analysis	
  of	
  crude	
  reaction	
  mixtures	
  containing	
  1:1	
  

ratios	
  of	
  UbK29C/Ub-­‐AA	
  and	
  UbK33C/Ub-­‐AA	
  showed	
  dimers	
  in	
  low	
  abundance	
  relative	
  to	
  

the	
  monomeric	
  substrates;	
  in	
  similar	
  experiments	
  with	
  UbK27C,	
  dimer	
  formation	
  was	
  not	
  

observed.	
   Based	
   on	
   these	
   results,	
   we	
   reasoned	
   the	
   addition	
   of	
   CysS•	
   to	
   Ub-­‐AA	
   could	
   be	
  

suppressed	
   by	
   the	
   steric	
   bulk	
   surrounding	
   the	
   radical	
   species.	
   	
   To	
   test	
   this	
   hypothesis,	
  

different	
  concentrations	
  of	
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Figure	
   2.3.	
   	
   DUB-­‐catalyzed	
   hydrolysis	
   of	
   dimers	
   forged	
   through	
   TEC.	
   	
   (A)	
   The	
   general	
  
scheme	
  for	
  the	
  DUB-­‐catalyzed	
  hydrolysis	
  of	
  K48C-­‐	
  and	
  K63C-­‐linked	
  Ub	
  dimers.	
  	
  (B)	
  Silver-­‐
stained	
  SDS-­‐PAGE	
  analysis	
  of	
   cleavage	
   reactions	
  with	
   the	
  K48-­‐linkage	
   selective	
  A20-­‐OTU	
  
domain.	
  	
  At	
  t	
  =	
  0	
  min,	
  the	
  DUB	
  is	
  absent	
  from	
  the	
  reaction	
  mixture.	
  	
  (C)	
  Silver-­‐stained	
  SDS-­‐
PAGE	
  analysis	
  of	
  cleavage	
  reactions	
  with	
  K63-­‐linkage	
  selective	
  AMSH.	
  	
  	
  
	
  

Ub-­‐AA	
  were	
  employed.	
   	
  For	
  UbK29C	
  and	
  UbK33C,	
  MS	
  analysis	
  pointed	
  to	
  a	
  clear	
  trend	
  in	
  

the	
  relative	
  amount	
  of	
  dimer	
  to	
  monomeric	
  substrate,	
  i.e.,	
  higher	
  concentrations	
  of	
  Ub-­‐AA	
  

led	
  to	
  an	
  increase	
  in	
  the	
  abundance	
  of	
  the	
  dimer	
  peak	
  (Figures	
  2.23	
  and	
  2.24).	
  Conversely,	
  

UbK27C	
   remained	
   refractory	
   toward	
   coupling	
   even	
   at	
  UbK27C/Ub-­‐AA	
   ratios	
   of	
   1:4.	
   This	
  

result,	
  however,	
  was	
  not	
  surprising	
  considering	
  residue-­‐27	
  is	
  the	
  least	
  accessible	
  of	
  those	
  

tested.	
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With	
  the	
  reaction	
  scope	
  realized	
  in	
  the	
  synthesis	
  of	
  Ub	
  dimers,	
  we	
  tested	
  the	
  function	
  of	
  

these	
  molecules.	
  	
  To	
  accomplish	
  this	
  goal,	
  the	
  hydrolytic	
  cleavage	
  of	
  Nε-­‐Gly-­‐L-­‐homothiaLys	
  

isopeptide	
   linkages	
   was	
   investigated	
   using	
   isopeptidases	
   (also	
   referred	
   to	
   as	
  

deubiquitinases	
  or	
  DUBs).15	
  	
  Several	
  members	
  of	
  the	
  DUB	
  family	
  of	
  enzymes	
  preferentially	
  

cleave	
   specific	
   linkages	
   within	
   a	
   polyUb	
   chain.	
   	
   For	
   instance,	
   the	
   ovarian	
   tumor	
   (OTU)	
  

domain-­‐containing	
   protein	
   referred	
   to	
   as	
   A20	
   prefers	
   K48-­‐linkages,	
   whereas	
   the	
   DUB	
  

AMSH	
   (associated	
  molecule	
   with	
   the	
   SH3	
   domain	
   of	
   STAM)	
   cleaves	
   K63-­‐linkages.16	
   	
   In	
  

many	
   cases,	
   and	
   in	
  particular	
  with	
  A20	
  and	
  AMSH,	
   linkage	
   specificity	
   arises	
   from	
   (i)	
   the	
  

unique	
  sequence	
  context	
  of	
  each	
  Ub	
  lysine	
  residue	
  and	
  (ii)	
  direct	
  contact	
  with	
  all	
  atoms	
  of	
  

the	
   lysine	
   side	
   chain.15	
   Due	
   to	
   the	
   discriminating	
   features	
   of	
   linkage-­‐selective	
   DUBs,	
   we	
  

surmised	
   A20-­‐OTU-­‐	
   and	
   AMSH-­‐catalyzed	
   hydrolysis	
   of	
   K48C-­‐	
   and	
   K63C-­‐linked	
   dimers	
  

would	
  provide	
  a	
  stringent	
  test	
  for	
  the	
  ability	
  of	
  Nε-­‐Gly-­‐L-­‐homothiaLys	
  to	
  mimic	
  the	
  native	
  

linkage	
   (Figure	
   2.3A).	
   	
   For	
   direct	
   comparison,	
   native	
   K48-­‐	
   and	
   K63-­‐linked	
   dimers	
   were	
  

hydrolyzed	
   alongside	
   the	
   dimers	
   synthesized	
   by	
   TEC.	
   	
   Analysis	
   of	
   A20-­‐OTU-­‐catalyzed	
  

cleavage	
   of	
   Nε-­‐Gly-­‐L-­‐homothiaLys	
   indicated	
   that	
   while	
   the	
   K63C-­‐linked	
   dimer	
   is	
   not	
  

hydrolyzed	
  (Figure	
  2.3B,	
  lanes	
  10-­‐12),	
  the	
  K48C-­‐linked	
  native	
  dimer	
  is	
  almost	
  completely	
  

converted	
   to	
   the	
   respective	
  monomeric	
  units	
  within	
  60	
  minutes	
   (Figure	
  2.3B,	
   lanes	
  4-­‐6).	
  	
  

These	
   results	
   are	
   congruent	
   with	
   those	
   obtained	
   for	
   dimers	
   linked	
   through	
   the	
   native	
  

isopeptide	
  bond	
  (Figure	
  2.3B,	
  lanes	
  1-­‐3	
  and	
  7-­‐9).	
   	
  In	
  the	
  case	
  of	
  K63-­‐linkage	
  specific	
  DUB	
  

AMSH,	
   the	
   K63C-­‐linked	
   dimers	
   are	
   rapidly	
   hydrolyzed,	
  whereas	
   the	
   K48C-­‐linked	
   dimers	
  

are	
  not	
  processed	
  (Figure	
  2.3C,	
  lanes	
  4-­‐6	
  vs.	
  10-­‐12).	
   	
  It	
  is	
  important	
  to	
  note	
  that	
  although	
  

there	
  is	
  a	
  small	
  amount	
  of	
  each	
  thioether	
  dimer	
  remaining	
  after	
  an	
  hour,	
  the	
  half-­‐life	
  of	
  Nε-­‐

Gly-­‐L-­‐homothiaLys	
   is	
  nearly	
   identical	
   to	
   that	
  of	
  Nε-­‐Gly-­‐L-­‐Lys.	
   	
  These	
   results	
   indicate	
  TEC	
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affords	
  fully	
  functional	
  Ub	
  dimers	
  that	
  can	
  readily	
  be	
  obtained	
  in	
  two	
  straightforward	
  steps	
  

from	
  standard	
  recombinant	
  proteins.	
  	
  

Given	
  the	
  ease	
  with	
  which	
  functional	
  Ub	
  dimers	
  can	
  be	
  forged,	
  we	
  surmised	
  TEC	
  could	
  

be	
  applied	
   towards	
   the	
   synthesis	
  of	
  branched	
  polyUb	
  chains.	
   	
  This	
   class	
  of	
  polymers	
  has	
  

been	
   observed	
   as	
   products	
   of	
   specific	
   pairs	
   of	
   E2	
   Ub-­‐conjugating	
   and	
   E3	
   Ub-­‐ligating	
  

enzymes,	
   but	
   their	
   abundance	
   and	
   function	
   in	
   vivo	
   remains	
   unclear,	
   in	
   part,	
   due	
   to	
   the	
  

inability	
   to	
   identify	
   branched	
   linkages	
   from	
   tryptic	
   digests.17	
   	
   What	
   is	
   known	
   about	
  

branched	
   chains	
   is	
   that	
   they	
   display	
   a	
   low	
   affinity	
   for	
   26S	
  proteasomes,	
   and	
   certain	
  Ub-­‐

binding	
  chaperones	
  can	
  prevent	
  their	
  formation	
  thereby	
  promoting	
  protein	
  degradation.18	
  	
  

To	
   gain	
   more	
   insight	
   into	
   the	
   function	
   of	
   this	
   class	
   of	
   polymers,	
   our	
   established	
   TEC	
  

protocol	
  was	
  used	
   to	
   synthesize	
   three	
  branched	
   tri-­‐Ub	
   topoisomers	
   starting	
   from	
   the	
  Ub	
  

lysine-­‐to-­‐cysteine	
  double	
  mutants:	
  K6C,	
  K48C;	
  K11C,	
  K48C;	
  and	
  K48C,	
  K63C	
  (Figure	
  2.4A).	
  	
  

This	
   particular	
   set	
  was	
   chosen	
   in	
   order	
   to	
   systematically	
   investigate	
   the	
   influence	
   of	
   an	
  

additional	
  Ub	
  unit	
  on	
  the	
  hydrolysis	
  of	
  the	
  K48C-­‐linkage.	
  	
  Similar	
  to	
  the	
  dimers,	
  the	
  trimers	
  

were	
   purified	
   using	
   ion-­‐exchange	
   chromatography	
   and	
   characterized	
   by	
   ECD	
   analysis	
   of	
  

intact	
  proteins	
  minimally	
  digested	
  with	
  trypsin	
  (Figures	
  2.16-­‐2.21).	
  	
  Western	
  blot	
  analysis	
  

with	
  a	
  Ub	
  antibody	
  shows	
  two	
  bands	
  for	
  all	
  trimers	
  along	
  with	
  a	
  faint	
  band	
  corresponding	
  

to	
  a	
  dimer	
  (Figure	
  2.4B).	
  	
  	
  	
  The	
  trimer	
  bands	
  can	
  be	
  ascribed	
  to	
  the	
  presence	
  of	
  reduced	
  and	
  

oxidized	
  forms	
  of	
  the	
  Nε-­‐Gly-­‐L-­‐homothiaLys	
  linkage	
  as	
  both	
  are	
  observed	
  by	
  MS	
  analysis.	
  	
  A	
  

shift	
  in	
  electrophoretic	
  mobility	
  between	
  different	
  forms	
  of	
  Ub	
  polymers	
  is	
  common	
  as	
  the	
  

polymer	
  increases	
  in	
  size,	
  which	
  explains	
  why	
  distinct	
  bands	
  for	
  the	
  reduced	
  and	
  oxidized	
  

forms	
  of	
  the	
  thioether	
  linkage	
  are	
  not	
  observed	
  with	
  dimers.19	
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Functional	
   studies	
   with	
   the	
   branched	
   trimers	
   revealed	
   clear	
   differences	
   in	
   the	
   DUB-­‐

catalyzed	
   hydrolysis	
   of	
   the	
   K48C-­‐linkage	
   (Figure	
   2.4B).	
   	
   Cleavage	
   of	
   each	
   trimer	
   was	
  

examined	
   with	
   three	
   different	
   DUBs:	
   IsoT,	
   A20-­‐OTU,	
   and	
   AMSH.	
   	
   IsoT	
   hydrolyzes	
   free	
  

polyUb	
   chains,	
   i.e.,	
   those	
   not	
   conjugated	
   to	
   a	
   target	
   protein,	
   with	
   little	
   selectivity	
   over	
  

linkage	
  type.20	
  	
  Given	
  the	
  presence	
  of	
  a	
  free	
  C-­‐terminus	
  in	
  each	
  trimer	
  we	
  anticipated	
  that	
  

IsoT-­‐catalyzed	
  hydrolysis	
  would	
  rapidly	
  furnish	
  dimeric	
  and	
  monomeric	
  products.	
  	
  Indeed,	
  

IsoT	
  efficiently	
  processed	
  all	
   three	
   trimers	
  as	
  evidenced	
  by	
  western	
  blot	
  analysis	
   (Figure	
  

2.4B).	
   	
   The	
   most	
   striking	
   result,	
   however,	
   came	
   while	
   studying	
   A20-­‐OTU-­‐catalyzed	
  

cleavage.	
   	
   That	
   is,	
   western	
   blot	
   analysis	
   indicated	
   A20-­‐OTU	
   cleaved	
   the	
   K48C-­‐linkage	
   in	
  

K11C,	
  K48C-­‐	
  and	
  K48C,	
  K63C-­‐linked	
  trimers,	
  whereas	
  the	
  same	
  linkage	
  remained	
  intact	
  in	
  

the	
  K6C,	
  K48C-­‐linked	
  trimer	
  (Figure	
  2.4B).	
  Since	
  other	
  non-­‐selective	
  DUBs	
  such	
  as	
  those	
  in	
  

the	
  USP	
   (Ub-­‐specific	
  protease)	
   family,21	
   in	
  particular	
  USP7,	
   trim	
  K6C,	
  K48C-­‐linked	
   tri-­‐Ub	
  

down	
  to	
  the	
  monomer	
  (see	
  Materials	
  and	
  Methods),	
  the	
  results	
  with	
  A20-­‐OTU	
  suggest	
  the	
  

additional	
   Ub	
   unit	
   appended	
   to	
   position-­‐6	
   abrogates	
   hydrolytic	
   cleavage	
   by	
   K48-­‐linkage	
  

selective	
  DUBs.	
  	
  In	
  the	
  context	
  of	
  other	
  linkage	
  selective	
  DUBs	
  such	
  as	
  AMSH,	
  the	
  presence	
  

of	
   a	
   Ub	
   appendage	
   at	
   position	
   48	
   does	
   not	
   influence	
   cleavage	
   of	
   the	
   K63C-­‐linkage	
   as	
  

indicated	
  by	
  the	
  formation	
  of	
  di-­‐Ub	
  and	
  Ub	
  upon	
  hydrolysis	
  of	
  the	
  K48C,	
  K63C-­‐linked	
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Figure	
  2.4.	
  	
  Structure	
  and	
  function	
  of	
  branched	
  tri-­‐Ub	
  derivatives.	
  	
  (A)	
  The	
  three	
  branched	
  
tri-­‐Ub	
   (Ub3)	
   derivatives	
   synthesized	
   in	
   this	
   study:	
   K6C,	
   K48C-­‐;	
   K11C,	
   K48C-­‐;	
   and	
   K48C,	
  
K63C-­‐linked.	
   	
  The	
  central	
  Ub	
  unit	
   conjugated	
   to	
   two	
  Ub	
  molecules	
   is	
   shown	
   in	
  blue.	
   	
   (B)	
  
Western	
  blots	
  developed	
  with	
  a	
  Ub	
  antibody	
  (P4D1)	
  showing	
  the	
  extent	
  to	
  which	
  different	
  
DUBs	
   (IsoT,	
   A20-­‐OTU,	
   and	
   AMSH)	
   hydrolyze	
   the	
   three	
   branched	
   tri-­‐Ub	
   derivatives.	
  	
  
Hydrolysis	
  is	
  indicated	
  by	
  the	
  formation	
  of	
  dimers	
  (Ub2)	
  and	
  monomers.	
  	
  	
  
	
  

trimer	
   (Figure	
   2.4B).	
   	
   Additional	
   work	
   is	
   necessary	
   to	
   determine	
   whether	
   other	
   branch	
  

points,	
  e.g.,	
  K6C	
  and	
  K11C,	
  affect	
  hydrolysis	
  of	
  K63C-­‐linkages.	
  	
  	
  

Our	
  systematic	
  examination	
  of	
  branched	
  trimer	
  topologies	
  suggests	
  that	
  branch	
  points	
  

in	
   a	
   polyUb	
   chain	
   furnish	
   a	
   regulatory	
   mechanism	
   for	
   linkage-­‐selective	
   interactions.	
  	
  

Consistent	
  with	
  this	
  analysis,	
  K6-­‐linkages	
  are	
  proposed	
  to	
  suppress	
  degradation	
  of	
   target	
  

proteins	
   by	
   26S	
   proteasomes.22	
   	
   	
   In	
   principle,	
   this	
   could	
   lead	
   to	
   the	
   accumulation,	
   and	
  

possibly	
  aggregation,	
  of	
  the	
  target	
  protein,	
  which	
  in	
  turn	
  would	
  set	
  the	
  stage	
  for	
  clearance	
  

by	
  the	
  lysosomal	
  pathway.23	
  	
  If	
  the	
  latter	
  is	
  either	
  unable	
  or	
  slow	
  to	
  process	
  the	
  aggregated	
  

proteins	
  bearing	
  polyUb	
  chains,	
   then	
  toxic	
   levels	
  may	
  begin	
  to	
  accrue	
   in	
  the	
  cell:	
   this	
   is	
  a	
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hallmark	
   of	
  many	
   neurodegenerative	
   diseases.	
   	
   Interestingly,	
  mixed	
  K6-­‐,	
   K11-­‐,	
   and	
  K48-­‐

linked	
  polyUb	
  chains	
  have	
  been	
  observed	
   in	
  Tau	
  aggregates	
   isolated	
   from	
  brain	
   tissue	
  of	
  

individuals	
  with	
  Alzheimer’s	
  disease.24	
  	
  	
  

In	
  summary,	
  the	
  work	
  described	
  herein	
  showcases	
  the	
  utility	
  of	
  TEC	
  in	
  the	
  construction	
  

as	
  well	
  as	
  the	
  biochemical	
  analysis	
  of	
  dimeric	
  and	
  trimeric	
  Ub	
  conjugates.	
  With	
  these	
  new	
  

tools,	
   future	
  work	
  will	
   focus	
   on	
   understanding	
   the	
   abundance	
   and	
   function	
   of	
   branched	
  

polyUb	
  chains	
  in	
  vivo.	
  	
  	
  

	
  

2.4	
  Materials	
  and	
  Methods	
  

	
  

2.4.1	
  Ubiquitin	
  (Ub)	
  cloning	
  and	
  expression	
  	
  
	
  

Cloning.	
  	
  Ubiquitin	
  (1-­‐76)	
  (herein	
  referred	
  to	
  as	
  Ub1-­‐76)	
  was	
  purchased	
  from	
  Addgene	
  and	
  

cloned	
   into	
   pET-­‐22b	
   using	
   the	
   forward	
   primer	
   ggcggtCATATGCAGATCTTCGTCAAG	
   and	
  

reverse	
   primer	
   ggcggtGCGGCCGCTCAACCACCTCTTAGTCT	
   containing	
   NdeI	
   and	
   NotI	
  

restrictions	
   sites.	
   	
   Lysine-­‐to-­‐cysteine	
  mutations	
   (KxC;	
   where	
   x	
   is	
   the	
   position	
  within	
   Ub	
  

primary	
   sequence)	
   were	
   introduced	
   using	
   the	
   mutagenesis	
   technique	
   of	
   splice	
   overlap	
  

extension	
   (SOE).25	
   	
   Primers	
   containing	
   the	
   TGC	
   mutation	
   were	
   used	
   to	
   replace	
   the	
  

respective	
  codon	
  for	
  lysine.	
  	
  Aspartate	
  77	
  was	
  encoded	
  in	
  the	
  reverse	
  primer	
  to	
  afford	
  the	
  

clone	
  for	
  UbD77.	
  	
  	
  

Expression.	
   	
   All	
   Ub	
   variants	
   were	
   expressed	
   and	
   purified	
   from	
   RosettaTM	
   2(DE3)pLysS	
  

cells	
  (Novagen)	
  following	
  a	
  procedure	
  adapted	
  from	
  Pickart	
  2005.26	
  	
  A	
  starter	
  culture	
  was	
  

inoculated	
  (10	
  mL	
  LB	
  media,	
  100	
  μg/mL	
  Ampicillin),	
  grown	
  to	
  OD600=0.5,	
  and	
  kept	
  at	
  4	
  °C	
  

overnight.	
  	
  The	
  starter	
  culture	
  was	
  added	
  to	
  1L	
  2x	
  YT	
  media	
  (16	
  g	
  Peptone,	
  5	
  g	
  NaCl,	
  10	
  g	
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Yeast	
  extract,	
  100	
  μg/ml	
  Ampicilin)	
  and	
  grown	
  at	
  37	
  °C.	
  	
  Cultures	
  were	
  then	
  induced	
  with	
  

0.4	
  mM	
  IPTG	
  at	
  OD600=	
  0.6	
  and	
   incubated	
   for	
  an	
  additional	
  4	
  hours	
  at	
  37	
   °C.	
   	
  Cells	
  were	
  

pelleted	
  and	
  resuspended	
  in	
  150	
  mL	
  lysis	
  buffer	
  (50	
  mM	
  Tris	
  pH	
  7.5,	
  0.5	
  mM	
  EDTA,	
  1	
  mM	
  

EgTA,	
  0.02%	
  Igepal,	
  1	
  mM	
  PMSF,	
  1	
  mM	
  DTT).	
  	
  After	
  sonication,	
  the	
  lysate	
  was	
  clarified	
  by	
  

centrifugation	
   at	
   8,000	
   rpm	
   for	
   30	
   min.	
   Perchloric	
   acid	
   (70%,	
   0.19	
   mL)	
   was	
   added	
  

dropwise	
   to	
   the	
   soluble	
   layer	
   and	
   stirred	
   for	
   20	
   min	
   to	
   precipitate	
   impurities.	
   	
   After	
  

centrifuging	
  at	
  8,000	
  rpm	
  for	
  30	
  min,	
   the	
  supernatant	
  was	
  exchanged	
   into	
  FPLC	
  Buffer	
  A	
  

(50	
   mM	
   NH4OAc	
   pH	
   4.4,	
   1	
   mM	
   EDTA,	
   1	
   mM	
   DTT)	
   with	
   2	
   rounds	
   of	
   dialysis	
   (3.5	
   kD	
  

molecular	
  weight	
   cutoff	
   snake-­‐skin	
   tubing).	
   	
   Ub	
   variants	
  were	
   further	
   purified	
   by	
   cation	
  

exchange	
  chromatography	
  with	
  a	
  gradient	
  of	
  0%	
  to	
  60%	
  Buffer	
  B	
  (50	
  mM	
  NH4Oac	
  pH	
  4.4,	
  1	
  

mM	
   EDTA,	
   1	
   mM	
   DTT,	
   1	
   M	
   NaCl)	
   over	
   35	
   column	
   volumes.	
   	
   Fractions	
   containing	
   Ub	
  

(monitored	
   by	
   SDS-­‐PAGE)	
   were	
   combined,	
   concentrated,	
   exchanged	
   into	
   H2O	
   and	
  

lyophilized:	
   the	
   purpose	
   of	
   which	
   is	
   to	
   determine	
   yields	
   and	
   minimize	
   variation	
   in	
   the	
  

concentration	
  of	
  stock	
  solutions.	
  

	
  	
  

Yeast	
  Ub	
  Hydrolase	
  1	
  (YUH1)	
  expression	
  and	
  purification	
  

YUH1	
  in	
  pET-­‐3a	
  was	
  purchased	
  from	
  Addgene	
  and	
  expressed	
  from	
  RosettaTM	
  2(DE3)pLysS	
  

cells	
  (Novagen).	
  	
  A	
  starter	
  culture	
  was	
  inoculated	
  (10	
  mL	
  LB	
  media,	
  100	
  μg/mL	
  ampicillin),	
  

grown	
  at	
  37	
  °C	
  for	
  6	
  h,	
  and	
  stored	
  at	
  4	
  °C	
  overnight.	
  	
  1	
  L	
  of	
  LB	
  was	
  inoculated	
  with	
  starter	
  

culture	
  and	
  grown	
  to	
  OD600=0.8.	
  	
  A	
  culture	
  was	
  induced	
  with	
  1mM	
  IPTG	
  and	
  grown	
  13	
  h	
  at	
  

18	
   °C.	
   	
   Cells	
  were	
   harvested	
   by	
   centrifugation	
   (8,000xg	
   at	
   4	
   °C,	
   30	
  min)	
   and	
   pellet	
  was	
  

resuspended	
   in	
   lysis	
   buffer	
   (20	
   mM	
   NaPO4,	
   0.5	
   M	
   NaCl,	
   pH	
   7.4).	
   	
   Cells	
   were	
   lysed	
   by	
  

sonication,	
  and	
  clarified	
  by	
  centrifugation	
  (30,000xg	
  at	
  4°C,	
  30	
  min).	
  	
  YUH1	
  was	
  purified	
  by	
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ammonium	
   sulfate	
   precipitation.	
   	
   The	
   40%	
   and	
   60%	
   ammonium	
   sulfate	
   fraction	
   was	
  

dialyzed	
  into	
  25	
  mM	
  NaCl,	
  50	
  mM	
  HEPES	
  pH	
  6.8,	
  1	
  mM	
  DTT,	
  and	
  further	
  purified	
  by	
  anion	
  

exchange	
  (Buffer	
  A:	
  25	
  mM	
  Tris	
  pH	
  8;	
  Buffer	
  B:	
  25	
  mM	
  Tris	
  pH	
  8,	
  1	
  M	
  NaCl;	
  0-­‐100%	
  B,	
  30	
  

column	
  volumes).	
  

	
  

2.4.2	
  Synthesis	
  of	
  Ub	
  allyl	
  amine	
  adduct	
  (Ub-­‐AA)	
  

UbD77	
  (185.6	
  mg,	
  21.7	
  µmols)	
  was	
  dissolved	
  in	
  a	
  buffer	
  containing	
  50	
  mM	
  Hepes	
  pH	
  8,	
  1	
  

mM	
  EDTA,	
  30%	
  DMSO,	
  and	
  250	
  mM	
  allylamine	
  to	
  a	
  total	
  reaction	
  volume	
  of	
  25	
  mL.	
  	
  To	
  this	
  

mixture	
  was	
  added	
  YUH1	
  (25	
  nM).	
   	
  After	
   two	
  hours	
  of	
  shaking	
  at	
  room	
  temperature,	
   the	
  

reaction	
  mixture	
  was	
  quenched	
  with	
  TFA	
  to	
  a	
  pH	
  of	
  1-­‐2,	
  exchanged	
  into	
  Buffer	
  A	
  (50	
  mM	
  

NH4Oac	
   pH	
   4.4,	
   1	
   mM	
   DTT,	
   0.5	
   mM	
   EDTA)	
   and	
   purified	
   by	
   cation	
   exchange	
  

chromatography	
   using	
   the	
   same	
   method	
   as	
   in	
   the	
   Ub	
   purification	
   described	
   above.	
  	
  

Fractions	
   containing	
   Ub-­‐AA	
   were	
   verified	
   by	
   MALDI	
   mass	
   spectrometry,	
   combined,	
  

concentrated,	
   exchanged	
   into	
  water,	
   and	
   lyophilized	
   for	
  use	
   in	
   thiol-­‐ene	
   reactions.	
   	
   Final	
  

characterization	
  was	
   done	
  by	
   high	
   resolution	
   Fourier	
   transform	
   ion	
   cyclotron	
   resonance	
  

(FT-­‐ICR)	
  mass	
  spectrometry	
  using	
  the	
  methods	
  explained	
  below	
  (Figure	
  2.5).	
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Figure	
   2.5.	
   High	
   resolution	
   FT-­‐ICR	
  MS	
   analysis	
   of	
   intact	
   full-­‐length	
   Ub-­‐AA	
   (M10+	
   charge	
  
state	
  is	
  shown).	
  Red	
  circles	
  represent	
  the	
  theoretical	
  isotopic	
  distribution.	
  Calc’d	
  and	
  Expt’l	
  
refer	
   to	
   the	
   calculated	
   and	
   experimental	
   molecular	
   weights	
   of	
   full	
   length	
   Ub-­‐AA,	
  
respectively.	
  
	
  

2.4.3	
  Synthesis	
  of	
  the	
  lithium	
  acyl	
  phosphinate	
  (LAP)	
  free-­‐radical	
  photoinitiator	
  

Lithium	
  phenyl-­‐2,4,6-­‐trimethylbenzoylphosphinate	
  (LAP)	
  was	
  synthesized	
  according	
  to	
  the	
  

procedures	
  described	
  by	
  Majima27	
  and	
  Fairbanks28without	
  modifications	
  (Figure	
  2.6).	
  

	
  

Figure	
  2.6.	
  Synthetic	
  scheme	
  for	
  LAP	
  free-­‐radical	
  photoinitiator.	
  

	
  

2.4.4	
  Thiol-­‐ene	
  coupling	
  (TEC)	
  reactions	
  

Reaction	
  procedure.	
  	
  Typical	
  TEC	
  reactions	
  contained	
  UbKxC	
  (1	
  mM),	
  Ub-­‐AA	
  (1	
  mM),	
  LAP	
  

(0.5	
  mM)	
  in	
  250mM	
  NaOAc	
  buffer	
  pH	
  5.1	
  (50	
  mL	
  reaction	
  volume).	
  	
  Samples	
  were	
  placed	
  

on	
  ice	
  and	
  irradiated	
  from	
  above	
  with	
  365	
  nM	
  light	
   for	
  30	
  min	
  using	
  an	
  OmniCure	
  series	
  

1500	
   light	
  source	
  placed	
  15	
  cm	
  away	
   from	
  the	
  sample.	
   	
  Control	
  reactions	
  contained	
  wild	
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type	
  Ub	
  (1	
  mM)	
  instead	
  of	
  Ub-­‐AA.	
  TEC	
  reactions	
  were	
  performed	
  on	
  all	
  seven	
  single	
  UbKxC	
  

mutants	
   (x	
   =	
   6,	
   11,	
   27,	
   29,	
   33,	
   48,	
   63)	
   and	
   analyzed	
   by	
   Coomassie-­‐stained	
   SDS-­‐PAGE	
  

(Figure	
  2.7).	
   	
  The	
  same	
  procedure	
  was	
  performed	
  with	
   the	
  K6C,	
  K48C;	
  K11C,	
  K48C;	
  and	
  

K48C,	
   K63C	
  Ub	
   double	
  mutants,	
   but	
   in	
   this	
   case	
  Ub-­‐AA	
   (2	
  mM)	
  was	
   used	
   to	
   furnish	
   the	
  

respective	
  branched	
  trimers.	
  	
  

	
  

	
  

Figure	
  2.7.	
   	
  Coomassie-­‐stained	
  SDS-­‐PAGE	
  analysis	
  of	
  TEC	
  reactions	
  with	
  all	
  seven	
  UbKxC	
  
mutants.	
   	
  Dimers	
  are	
  observed	
   in	
  all	
   reactions	
   containing	
  Ub-­‐AA.	
   	
  The	
  higher	
  MW	
  bands	
  
observed	
   in	
   the	
   reactions	
   conducted	
   with	
   Ub-­‐AA	
   are	
   present	
   in	
   differing	
   amounts	
  
depending	
  on	
  the	
  UbKxC	
  mutant.	
  
	
  

	
  

2.4.5	
   Purification	
   procedure	
   for	
   Ub	
   dimers	
   and	
   trimers.	
   	
  Multiple	
  TEC	
   reactions	
   for	
  

each	
  dimer	
  (K6C-­‐,	
  K48C-­‐,	
  and	
  K63C-­‐linked)	
  and	
  branched	
  trimer	
  (K6C,	
  K48C-­‐;	
  K11C,	
  K48C-­‐

;	
   and	
   K48C,	
   K63C-­‐linked)	
   were	
   combined	
   (15x50	
   mL)	
   and	
   purified	
   by	
   cation	
   exchange	
  

chromatography	
  with	
  a	
  gradient	
  of	
  0-­‐60%	
  B	
  over	
  35	
  column	
  volumes	
  (Figure	
  2.8).	
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Figure	
   2.8.	
   	
   Representative	
   purification	
   of	
   TEC	
   products:	
   FPLC	
   chromatogram	
   for	
   the	
  
K48C-­‐linked	
   Ub	
   dimer.	
   	
   The	
   inset	
   shows	
   Coomassie-­‐stained	
   SDS-­‐PAGE	
   analysis	
   for	
   each	
  
peak	
  observed	
   in	
   the	
  chromatogram:	
  peak	
  4	
  contains	
   the	
  purified	
  K48C-­‐linked	
  Ub	
  dimer.	
  	
  
MS	
  analysis	
  of	
  peak	
  3	
  corresponds	
   to	
   the	
  mass	
  of	
  Ub-­‐AA	
  plus	
   the	
  phosphinate	
  portion	
  of	
  
the	
  LAP	
  photoinitiator	
  (for	
  more	
  details,	
  see	
  below).	
  	
  	
  
	
  

	
  

2.4.6	
  MS	
  analysis	
  of	
  intact	
  full-­‐length	
  Ub	
  dimers	
  and	
  trimers	
  

General	
  procedure.	
  	
  Crude	
  TEC	
  reactions	
  for	
  all	
  KxC-­‐linked	
  Ub	
  dimers	
  were	
  reduced	
  with	
  

dithiothreitol	
  (DTT)	
  then	
  desalted	
  using	
  Amicon	
  3.5	
  kD	
  MW	
  cutoff	
  filters.	
  	
  Samples	
  were	
  

dissolved	
  in	
  a	
  solution	
  of	
  water/MeCN/acetic	
  acid	
  (45:45:10)	
  and	
  injected	
  into	
  a	
  7T	
  linear	
  

ion	
  trap/Fourier	
  transform	
  ion	
  cyclotron	
  resonance	
  (LTQ/FT-­‐ICR)	
  hybrid	
  mass	
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spectrometer	
  (Thermo	
  Scientific	
  Inc.,	
  Bremen,	
  Germany)	
  equipped	
  with	
  an	
  automated	
  

chip-­‐based	
  nanoESI	
  source	
  (Triversa	
  NanoMate,	
  Advion	
  BioSciences,	
  Ithaca,	
  NY)	
  as	
  

described	
  previously.29	
  	
  The	
  resolving	
  power	
  of	
  the	
  FT-­‐ICR	
  mass	
  analyzer	
  was	
  set	
  at	
  

200,000.	
  All	
  FT-­‐ICR	
  spectra	
  were	
  processed	
  with	
  in-­‐house	
  developed	
  Software	
  

(MadTHRASH	
  version	
  1.0)	
  using	
  a	
  signal	
  to	
  noise	
  threshold	
  of	
  3	
  and	
  fit	
  factor	
  of	
  60%,	
  and	
  

then	
  validated	
  manually.	
  

	
  



 

 

41 
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Figure	
  2.9.	
   	
  High	
   resolution	
  FT-­‐ICR	
  MS	
  analysis	
  of	
   crude	
  TEC	
   reactions	
  using	
   intact	
   full-­‐
length	
  proteins.	
   	
  Wide	
  view	
  shows	
  abundance	
  of	
  Ub	
  dimers	
  in	
  comparison	
  to	
  the	
  starting	
  
materials	
  UbKxC	
  and	
  Ub-­‐AA	
  (M10+	
  charge	
  state	
  for	
  starting	
  materials,	
  M20+	
  charge	
  state	
  for	
  
dimer	
   is	
   shown).	
   	
   Zoom	
   in	
   shows	
   each	
   dimer	
   compared	
   to	
   the	
   theoretical	
   isotopic	
  
distribution	
  (red	
  dots).	
  
	
  

	
  

Figure	
  2.10.	
  High	
  resolution	
  FT-­‐ICR	
  MS	
  analysis	
  of	
  each	
  purified	
  dimer.	
  Circles	
  represent	
  
theoretical	
   isotopic	
   abundance	
  distribution	
   of	
   the	
   isotopomer	
  peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
  
most	
  abundant	
  molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  molecular	
  weight.	
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Figure	
   2.11.	
   FT-­‐ICR	
   analysis	
   of	
   each	
   purified	
   branched	
   trimer.	
   	
   Circles	
   represent	
  
theoretical	
   isotopic	
   abundance	
  distribution	
   of	
   the	
   isotopomer	
  peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
  
most	
  abundant	
  molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  molecular	
  weight.	
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2.4.7	
   Electron	
   capture	
   dissociation	
   (ECD)	
   analysis	
   of	
   the	
   Nε-­‐Gly-­‐L-­‐homothiaLys	
  

linkage	
  

General	
  procedure	
  for	
  ECD.	
  	
  For	
  tandem	
  mass	
  spectrometry	
  (MS/MS)	
  experiments	
  using	
  

ECD,	
   individual	
  charge	
  states	
  of	
  protein	
  molecular	
   ions	
  were	
  first	
   isolated.	
  Then,	
   the	
   ions	
  

were	
  dissociated	
  by	
  ECD	
  using	
  3%	
  “electron	
  energy”	
  and	
  a	
  70	
  ms	
  duration	
  with	
  no	
  delay.	
  	
  

All	
   FT-­‐ICR	
   spectra	
   were	
   processed	
   with	
   in-­‐house	
   developed	
   Software	
   (MadTHRASH	
  

version	
  1.0)	
  using	
  a	
  signal	
  to	
  noise	
  threshold	
  of	
  3	
  and	
  fit	
  factor	
  of	
  60%,	
  and	
  then	
  validated	
  

manually.	
  	
  The	
  resulting	
  mass	
  lists	
  were	
  further	
  assigned	
  based	
  on	
  the	
  protein	
  sequence	
  of	
  

Ub	
   with	
   or	
   without	
   the	
   modification	
   (GlyGly-­‐AA)	
   at	
   each	
   Cys	
   using	
   a	
   10	
   and	
   20	
   ppm	
  

tolerance	
   for	
  precursor	
  and	
   fragment	
   ions,	
   respectively.	
   	
  All	
   reported	
  Mr	
   values	
  are	
  most	
  

abundant	
  molecular	
  weights.	
  	
  	
  

	
  

Sample	
  preparation	
  for	
  ECD	
  analysis.	
  	
  Purified	
  K6C-­‐,	
  K48C-­‐,	
  and	
  K63C-­‐linked	
  Ub	
  dimers	
  

and	
   branched	
   Ub	
   trimers	
   (K6C,	
   K48C-­‐;	
   K11C,	
   K48C-­‐;	
   and	
   K48C/K63C-­‐linked)	
   were	
  

minimally	
  digested	
  with	
  trypsin	
  (3	
  h	
  digestion,	
  1:100	
  trypsin:Ub	
  ratio)	
  for	
  detailed	
  analysis	
  

of	
  the	
  Nε-­‐Gly-­‐L-­‐homothiaLys	
  thioether	
  linkage.	
   	
  Since	
  trypsin	
  cleaves	
  at	
  position-­‐74	
  of	
  Ub,	
  

the	
   products	
   in	
   this	
   case	
   are	
   single	
   Ub	
   units	
   missing	
   the	
   C-­‐terminal	
   GlyGly	
   motif,	
   but	
  

attached	
   to	
   GlyGly-­‐AA	
   at	
   the	
   respective	
   cysteine	
   residue	
   (the	
   product	
   of	
   this	
   minimal	
  

trypsinolysis	
   is	
   referred	
   to	
   as	
   Ub1-­‐74GlyGly-­‐AA):	
   this	
   greatly	
   simplifies	
   analysis	
   by	
   ECD	
  

fragmentation	
  (Figure	
  2.12).	
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Figure	
  2.12.	
  	
  ECD	
  analysis	
  of	
  the	
  Nε-­‐Gly-­‐L-­‐homothiaLys	
  linkage.	
  

	
  

Detailed	
  procedure	
  for	
  ECD	
  analysis.	
   	
  Ub1-­‐74GlyGly-­‐AA	
  was	
  fragmented	
  by	
  ECD,	
  and	
  the	
  

resulting	
   fragments	
  were	
  analyzed	
   to	
  verify	
   the	
   linkage	
  at	
   the	
  desired	
  cysteine.	
   	
  Analysis	
  

was	
   performed	
   using	
   in-­‐house	
   data	
   analysis	
   software	
   (described	
   above).	
   	
   The	
   Ub1-­‐74	
  

sequence	
  was	
  used	
  to	
  predict	
  fragment	
  molecular	
  weights	
  of	
  all	
  possible	
  c	
  ions	
  (N-­‐terminal	
  

ions,	
  numbered	
  from	
  amino	
  acid	
  1)	
  and	
  z•	
  ions	
  (C-­‐terminal	
  ions	
  numbered	
  starting	
  from	
  1	
  

from	
   the	
   C-­‐terminal	
   arginine	
   and	
   counting	
   in	
   reverse	
   of	
   the	
   conventional	
   amino	
   acid	
  

numbering	
  scheme).	
  	
  Raw	
  data	
  were	
  analyzed	
  to	
  find	
  molecular	
  weights	
  of	
  each	
  observed	
  

fragments.	
  	
  Observed	
  fragments	
  and	
  predicted	
  fragments	
  are	
  compared	
  to	
  assign	
  ion	
  type	
  

to	
  the	
  observed	
  peaks.	
  	
  Ion	
  assignments	
  were	
  then	
  verified	
  and	
  analyzed	
  with	
  and	
  without	
  

inclusion	
  of	
  a	
  cysteine	
  modification	
  in	
  the	
  theoretical	
  peak	
  predictions.	
  	
  When	
  the	
  thiol-­‐ene	
  

modification	
  was	
  not	
  taken	
  into	
  account	
  in	
  the	
  analysis,	
  c	
  ions	
  after	
  the	
  cysteine	
  and	
  z•	
  ions	
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before	
  the	
  cysteine	
  were	
  lacking.	
  	
  Upon	
  addition	
  of	
  171	
  amu,	
  which	
  represents	
  the	
  GlyGly-­‐

AA	
   motif,	
   to	
   the	
   molecular	
   weight	
   of	
   cysteine	
   the	
   ion	
   types	
   in	
   observed	
   data	
   were	
  

reassigned.	
   	
   In	
   this	
   case,	
   the	
   c	
   and	
   z•	
   ions	
   were	
   both	
   present	
   throughout	
   the	
   entire	
  

sequence.	
   	
  This	
  data	
   supports	
   the	
  modification	
  at	
   the	
  desired	
  cysteine	
   residue	
  and	
  holds	
  

true	
  for	
  all	
  mutants	
  analyzed.	
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Figure	
  2.13.	
  	
  ECD	
  analysis	
  of	
  K63C-­‐linked	
  dimer.	
  (A)	
  K63C-­‐linked	
  Ub1-­‐74	
  GlyGly-­‐AA	
  parent	
  
ion	
  isolation	
  (M9+	
  charge	
  state)	
  with	
  insert	
  of	
  isotopomers.	
  (B)	
  Map	
  of	
  observed	
  fragments.	
  
Data	
   analysis	
   for	
   the	
   map	
   on	
   top	
   includes	
   Nε-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
   linker	
  
modification	
  at	
  cysteine-­‐63	
  (red)	
  in	
  c	
  and	
  z•	
  ion	
  predictions.	
  Bottom	
  map	
  does	
  not	
  include	
  
thioether	
   linker	
   modification	
   in	
   theoretical	
   analysis.	
   	
   	
   (C)	
   Key	
   ECD	
   fragment	
   ions	
   for	
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mapping	
   thioether	
   linkage	
   site	
   on	
   UbK63C.	
   Circles	
   represent	
   theoretical	
   isotopic	
  
abundance	
   distribution	
   of	
   the	
   isotopomer	
   peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
   most	
   abundant	
  
molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  molecular	
  weight.	
  
	
  

	
  

	
  

Figure	
  2.14.	
  ECD	
  analysis	
  of	
  K6C-­‐linked	
  dimer.	
  	
  (A)	
  K6C-­‐linked	
  Ub1-­‐74	
  GlyGly-­‐AA	
  parent	
  ion	
  
isolation	
   (M10+	
   charge	
   state)	
  with	
   insert	
   of	
   isotopomers.	
   (B)	
  Map	
  of	
   observed	
   fragments.	
  	
  
Data	
   analysis	
   for	
   the	
   map	
   on	
   top	
   includes	
   Nε-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
   linker	
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modification	
  at	
  cysteine-­‐6	
  (red)	
  in	
  c	
  and	
  z•	
   	
   ion	
  predictions.	
  Bottom	
  map	
  does	
  not	
  include	
  
thioether	
   linker	
   modification	
   in	
   theoretical	
   analysis.	
   	
   	
   (C)	
   Key	
   ECD	
   fragment	
   ions	
   for	
  
mapping	
  thioether	
  linkage	
  site	
  on	
  UbK6C.	
  Circles	
  represent	
  theoretical	
  isotopic	
  abundance	
  
distribution	
   of	
   the	
   isotopomer	
   peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
   most	
   abundant	
   mass.	
   Expt’l:	
  
experimental	
  most	
  abundant	
  mass.	
  

	
  

Figure	
   2.15.	
   ECD	
   analysis	
   of	
   K48C-­‐linked	
   Ub	
   dimer.	
   	
   (A)	
   K48C-­‐linked	
   Ub1-­‐74	
   GlyGly-­‐AA	
  
parent	
   ion	
   isolation	
   (M9+	
   charge	
   state)	
  with	
   insert	
   of	
   isotopomers.	
   (B)	
  Map	
   of	
   observed	
  
fragments.	
   	
   Data	
   analysis	
   for	
   the	
   map	
   on	
   top	
   includes	
   Nε-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
  
linker	
  modification	
  at	
  cysteine-­‐48	
  (red)	
  in	
  c	
  and	
  z•	
   	
   ion	
  predictions.	
  Bottom	
  map	
  does	
  not	
  
include	
  thioether	
  linker	
  modification	
  in	
  theoretical	
  analysis.	
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Figure	
  2.16.	
   	
  ECD	
  analysis	
  of	
  K6C,	
  K48C-­‐linked	
  branched	
  Ub	
  trimer.	
  (A)	
  K6C,	
  K48C	
  Ub1-­‐74	
  
GlyGlyAA2	
  parent	
   ion	
   isolation	
  (M10+	
  charge	
  state)	
  with	
   insert	
  of	
   isotopomers.	
  (B)	
  Map	
  of	
  
observed	
   fragments.	
   	
   Data	
   analysis	
   includes	
   Nε-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
   linker	
  
modification	
  at	
  cysteine-­‐6	
  and	
  cysteine-­‐48	
  (red)	
  in	
  c	
  and	
  z•	
  ion	
  predictions.	
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Figure	
   2.17.	
   Key	
   ECD	
   fragment	
   ions	
   for	
   K6C,	
   K48C-­‐linked	
   trimer.	
   Circles	
   represent	
  
theoretical	
   isotopic	
   abundance	
  distribution	
   of	
   the	
   isotopomer	
  peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
  
most	
  abundant	
  molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  molecular	
  weight.	
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Figure	
   2.18.	
   	
   ECD	
   analysis	
   of	
   K11C,	
   K48C-­‐linked	
   trimer.	
   	
   (A)	
   K11C,	
   K48C-­‐linked	
   Ub1-­‐74	
  
GlyGlyAA2	
  parent	
   ion	
   isolation	
  (M10+	
  charge	
  state)	
  with	
   insert	
  of	
   isotopomers.	
  (B)	
  Map	
  of	
  
observed	
   fragments.	
   	
   Data	
   analysis	
   for	
   the	
   map	
   on	
   the	
   top	
   includes	
   the	
   Nε-­‐Gly-­‐L-­‐
homothiaLys	
  thioether	
  linker	
  modification	
  at	
  cysteine-­‐11	
  and	
  cysteine-­‐48	
  (red)	
  in	
  c	
  and	
  z•	
  
ion	
   predictions.	
   Bottom	
   map	
   does	
   not	
   include	
   thioether	
   linker	
   modifications	
   in	
   the	
  
sequence.	
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Figure	
   2.19.	
   Key	
   ECD	
   fragment	
   ions	
   for	
   K11C,	
   K48C-­‐linked	
   trimer.	
   	
   Circles	
   represent	
  
theoretical	
   isotopic	
   abundance	
  distribution	
   of	
   the	
   isotopomer	
  peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
  
most	
  abundant	
  molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  molecular	
  weight.	
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Figure	
   2.20.	
   ECD	
   analysis	
   of	
   K48C,	
   K63C-­‐linked	
   trimer.	
   	
   (A)	
   K48C,	
   K63C-­‐linked	
   Ub1-­‐74	
  
GlyGlyAA2	
  parent	
   ion	
   isolation	
  (M10+	
  charge	
  state)	
  with	
   insert	
  of	
   isotopomers.	
  (B)	
  Map	
  of	
  
observed	
  fragments.	
   	
  Data	
  analysis	
  for	
  the	
  map	
  on	
  top	
  includes	
  the	
  Nε-­‐Gly-­‐L-­‐homothiaLys	
  
thioether	
   linker	
   modification	
   at	
   cysteine-­‐48	
   and	
   cysteine-­‐63	
   (red)	
   in	
   c	
   and	
   z•	
   ion	
  
predictions.	
   	
   Bottom	
  map	
   does	
   not	
   include	
   thioether	
   linker	
   modifications	
   in	
   theoretical	
  
analysis.	
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Figure	
   2.21.	
   Key	
   ECD	
   fragment	
   ions	
   for	
   K48C,	
   K63C-­‐linked	
   trimer.	
   Circles	
   represent	
  
theoretical	
   isotopic	
   abundance	
  distribution	
   of	
   the	
   isotopomer	
  peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
  
most	
  abundant	
  molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  molecular	
  weight.	
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VIII.	
  Optimization	
  of	
  difficult	
  linkages	
  (K27C,	
  K29C,	
  K33C)	
  

TEC	
   reactions	
   were	
   performed	
   with	
   varying	
   amounts	
   of	
   Ub-­‐AA	
   and	
   analyzed	
   by	
   high	
  

resolution	
   FT-­‐ICR	
   MS.	
   	
   Relative	
   amounts	
   of	
   product	
   can	
   be	
   compared	
   between	
   each	
  

spectrum	
  because	
  the	
  amount	
  of	
  UbKxC	
  was	
  the	
  same	
  in	
  each	
  reaction	
  and	
  can	
  therefore	
  be	
  

used	
  as	
  an	
  internal	
  standard.	
  

	
  

Figure	
   2.22.	
   	
   High	
   resolution	
   FT-­‐ICR	
   MS	
   analysis	
   of	
   K27C-­‐linked	
   dimer	
   with	
   varying	
  
amounts	
  of	
  Ub-­‐AA.	
  	
  Relative	
  amounts	
  of	
  Ub-­‐AA	
  to	
  UbK27C	
  are	
  shown	
  on	
  the	
  right.	
  Red	
  box	
  
shows	
  where	
  M20+	
  dimer	
  should	
  appear.	
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Figure	
  2.23.	
   	
  FT-­‐ICR	
  analysis	
  of	
  K29C-­‐linked	
  dimer	
  with	
  varying	
  amounts	
  of	
  Ub-­‐AA.	
   	
  The	
  
purple	
  box	
  highlights	
  the	
  formation	
  of	
  the	
  desired	
  dimer.	
  	
  Relative	
  concentrations	
  of	
  Ub-­‐AA	
  
to	
  UbK29C	
  are	
  shown	
  on	
  the	
  right.	
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Figure	
   2.24.	
   	
   High	
   resolution	
   FT-­‐ICR	
   MS	
   analysis	
   of	
   K33C-­‐linked	
   dimer	
   with	
   varying	
  
amounts	
  of	
  Ub-­‐AA.	
  	
  The	
  purple	
  box	
  highlights	
  the	
  formation	
  of	
  the	
  desired	
  dimer.	
  	
  Relative	
  
concentrations	
  of	
  Ub-­‐AA	
  to	
  UbK33C	
  are	
  shown	
  on	
  the	
  right.	
  
	
  

2.4.8	
  Addition	
  of	
  phosphinate	
  portion	
  of	
  LAP	
  to	
  Ub-­‐AA.	
  Mass	
  spectra	
  of	
  crude	
  reaction	
  

mixtures	
  shows	
  a	
  peak	
  that	
  corresponds	
  to	
  the	
  mass	
  of	
  Ub-­‐AA	
  plus	
  the	
  phosphinate	
  portion	
  

of	
  the	
  LAP	
  photoinitiator	
  (in	
  Figures	
  2.23	
  and	
  2.24	
  this	
  peak	
  is	
  highlighted	
  in	
  green).	
  	
  This	
  

observation	
   has	
   precedent	
   from	
   the	
   work	
   of	
   Jockusch	
   and	
   Turro,30	
   which	
   describes	
   the	
  

rapid	
  addition	
  (k	
  ~	
  107	
  M-­‐1s-­‐1)	
  of	
  phosphinoyl	
  radicals	
  to	
  acrylates.	
  	
  Based	
  on	
  this	
  work	
  we	
  

propose	
  the	
  process	
  shown	
  in	
  Figure	
  2.25	
  occurs.	
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Figure	
   2.25.	
   	
   Proposed	
   mechanism	
   for	
   the	
   generation	
   of	
   Ub-­‐AA/phosphinate	
   adduct	
  
observed	
  in	
  crude	
  reaction	
  mixtures	
  for	
  the	
  TEC	
  reactions.	
  	
  	
  
	
  

	
  

2.4.9	
  DUB-­‐catalyzed	
  hydrolysis	
  of	
  Ub	
  dimers	
  and	
  trimers	
  

General	
  procedure.	
  IsoT	
  and	
  A20	
  were	
  purchased	
  from	
  Boston	
  Biochem,	
  while	
  AMSH	
  was	
  

purchased	
   from	
   LifeSensors.	
   	
   For	
   the	
   DUB-­‐catalyzed	
   hydrolysis	
   of	
   Ub	
   dimers,	
   reactions	
  

contained	
  a	
  particular	
  KxC-­‐linked	
  Ub	
  dimer	
  (5	
  mM)	
  and	
  the	
  DUB	
  (5	
  µM	
  AMSH	
  or	
  500	
  nM	
  

A20-­‐OTU)	
  in	
  the	
  DUB	
  reaction	
  buffer	
  (50	
  mM	
  Tris	
  pH	
  7.6,	
  25	
  mM	
  KCl,	
  5	
  mM	
  MgCl2,	
  1	
  mM	
  

DTT)	
  at	
  37	
  °C.	
  	
  The	
  DUB	
  was	
  added	
  to	
  the	
  reaction	
  last	
  to	
  initiate	
  hydrolysis.	
   	
  At	
  the	
  time	
  

points	
   indicated,	
   10	
  µL	
   aliquots	
  were	
   taken	
   and	
  mixed	
  with	
  3	
  µL	
  of	
   6X	
  Laemmli	
   sample	
  

loading	
  buffer.	
   	
  Samples	
  were	
  subjected	
   to	
  SDS-­‐PAGE	
  analysis	
  and	
  visualized	
  using	
  silver	
  

stain.	
   	
  For	
  the	
  DUB-­‐catalyzed	
  hydrolysis	
  of	
  Ub	
  trimers,	
  reactions	
  contained	
  Ub	
  trimer	
  (20	
  

µM)	
  and	
  the	
  DUB	
  (5	
  µM	
  AMSH,	
  500	
  nM	
  A20-­‐OTU,	
  or	
  1	
  mM	
  IsoT)	
  in	
  the	
  DUB	
  reaction	
  buffer	
  

at	
  37	
  °C.	
  	
  At	
  the	
  time	
  points	
  indicated,	
  10µL	
  aliquots	
  were	
  taken	
  and	
  mixed	
  with	
  3	
  µL	
  of	
  6X	
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Laemmli	
   sample	
   loading	
   buffer.	
   	
   Samples	
   were	
   subjected	
   to	
   SDS-­‐PAGE	
   analysis	
   and	
  

detected	
   by	
   western	
   blot	
   using	
   anti-­‐ubiquitin	
   antibody	
   (P4D1)	
   from	
   Cell	
   Signaling	
  

Technologies.	
  

	
  

To	
  provide	
  additional	
  support	
  for	
  the	
  hydrolytic	
  cleavage	
  of	
  K6C,	
  K48C-­‐linked	
  branched	
  tri-­‐

Ub	
  with	
  DUBs	
   lacking	
   linkage	
  selectivity,	
  we	
   investigated	
   the	
  activity	
  of	
  USP7.	
   	
  USP7	
   is	
  a	
  

member	
  of	
  the	
  ubiquitin-­‐specific	
  protease	
  (USP)	
  family,	
  and	
  recently	
  Sixma	
  and	
  co-­‐workers	
  

reported	
  that	
  the	
  majority	
  of	
  isopeptidases	
  in	
  this	
  family	
  display	
  little	
  linkage	
  selectivity.31	
  	
  

The	
  reason	
  for	
  specifically	
  investigating	
  the	
  activity	
  of	
  USP7	
  towards	
  the	
  K6C,	
  K48C-­‐linked	
  

trimer	
   is	
   that	
   Ciechanover	
   and	
   co-­‐workers	
   demonstrated	
   the	
   regulation	
   of	
   RING1B	
   by	
  

USP7.32	
  	
  Autoubiquitylation	
  of	
  RING1B	
  generates	
  a	
  putative	
  branched	
  polyUb	
  chain	
  linked	
  

through	
  K6,	
  K27,	
  and	
  K48.33	
  	
  We	
  surmised	
  that	
  if	
  a	
  branched	
  chain	
  containing	
  K6-­‐	
  and	
  K48-­‐

linkages	
   is	
   indeed	
   attached	
   to	
   RING1B	
   and	
  USP7	
   is	
   responsible	
   for	
   removing	
   this	
   chain,	
  

then	
  USP7	
  should	
  process	
  K6C,	
  K48C-­‐linked	
  tri-­‐Ub.	
  As	
  shown	
  in	
  Figure	
  2.26,	
  dimeric	
  and	
  

monomeric	
  Ub	
  products	
  are	
  immediately	
  produced	
  upon	
  treatment	
  of	
  the	
  branched	
  chain	
  

with	
  USP7.	
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Figure	
  2.26.	
  	
  Hydrolytic	
  cleavage	
  of	
  K6C,	
  K48C-­‐linked	
  Ub	
  trimer	
  with	
  USP7.	
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3.1	
  Introduction	
  

In	
   eukaryotes,	
   covalent	
   attachment	
  of	
   ubiquitin	
   (Ub)	
   to	
   target	
  proteins	
   is	
   involved	
   in	
  

regulating	
   nearly	
   all	
   biological	
   processes.[1]	
   The	
   most	
   well	
   known	
   function	
   of	
   Ub	
   is	
   in	
  

targeting	
   proteins	
   for	
   degradation	
   through	
   the	
   Ub	
   proteasome	
   system	
   (UPS).[2]	
   For	
   UPS	
  

processing,	
   the	
   prevailing	
   view	
   has	
   been	
   that	
   a	
   target	
   protein	
  must	
   be	
  modified	
   with	
   a	
  

polyUb	
  chain	
  consisting	
  of	
  a	
  minimum	
  of	
  four	
  Ub	
  subunits	
  linked	
  between	
  the	
  C-­‐terminus	
  

of	
  one	
  unit	
  to	
  lysine	
  (Lys)-­‐48	
  of	
  the	
  preceding	
  unit	
  (the	
  Nε-­‐Gly-­‐L-­‐Lys	
  linkage	
  is	
  commonly	
  

referred	
  to	
  as	
  an	
  isopeptide	
  bond).[3,4]	
  Recent	
  studies,	
  however,	
  suggest	
  the	
  polyUb	
  signal	
  

can	
   be	
  much	
  more	
   diverse.	
   That	
   is,	
   chains	
   bearing	
   linkages	
   originating	
   from	
   any	
   of	
   the	
  

seven	
  Ub	
   lysines	
   (Lys6,	
  Lys11,	
  Lys27,	
  Lys29,	
  Lys33,	
  Lys48,	
  and	
  Lys63)	
  or	
   the	
  N-­‐terminal	
  

methionine	
  can	
  promote	
  protein	
  turnover	
  in	
  vivo.[5-­‐9]	
  	
  

	
  We	
  have	
  been	
  interested	
  in	
  understanding	
  the	
  function	
  of	
  unconventional	
  Lys6-­‐linked	
  

polyUb	
   chains,	
   as	
   these	
   particular	
   signals	
   are	
   a	
   product	
   of	
   the	
   E3	
   Ub	
   ligase	
   activity	
  

exhibited	
  by	
  the	
  breast	
  cancer	
  associated	
  protein	
  (BRCA1).[10,11]	
  BRCA1	
  is	
  a	
  major	
  player	
  in	
  

the	
  DNA	
  damage	
  response	
  (DDR)	
  pathway	
  and	
  hereditary	
  mutations	
  predispose	
  women	
  to	
  

breast	
  and	
  ovarian	
  cancers.[12,13]	
  However,	
   the	
  role	
  of	
  Lys6-­‐linked	
  chains	
   in	
  DDR	
  remains	
  

unclear.	
   Some	
   studies	
   implicate	
   these	
   chains	
   in	
   proteasomal	
   degradation,[7,8,14,15]	
   while	
  

others	
  argue	
  for	
  a	
  non-­‐proteolytic	
  role.	
   [16,17]	
  Even	
  the	
   importance	
  of	
  BRCA1	
  E3	
  Ub	
  ligase	
  

activity	
   in	
   DDR	
   and	
   tumor	
   suppression	
   has	
   been	
   called	
   into	
   question.[18]	
   Many	
   of	
   these	
  

issues	
   could	
   be	
   resolved	
   by	
   deciphering	
   how	
   Lys6-­‐linked	
   chains	
   are	
   recognized	
   and	
  

processed	
  by	
  the	
  proteasome	
  and	
  DDR	
  machinery.	
  	
  

To	
  this	
  end,	
  we	
  sought	
  to	
  develop	
  a	
  straightforward	
  synthesis	
  of	
   long,	
  proteolytically-­‐

competent	
  versions	
  of	
  Lys6-­‐linked	
  chains	
  (with	
  ≥	
  4	
  units).	
  Unlike	
  for	
  other	
  chain	
  linkages	
  



	
   67	
  

(e.g.,	
  Lys11,	
  Lys48,	
  and	
  Lys63),	
  [19-­‐23]	
  exploiting	
  the	
  enzymatic	
  activity	
  of	
  BRCA1	
  to	
  generate	
  

Lys6-­‐linked	
  oligomers	
  is	
  not	
  feasible	
  due	
  to	
  the	
  difficulty	
  of	
  expressing	
  and	
  purifying	
  full-­‐

length	
  BRCA1.	
  Moreover,	
  current	
  methods	
  to	
  chemically	
  synthesize	
  natively-­‐linked	
  chains	
  

with	
   four	
   or	
  more	
   subunits	
   require	
  multiple	
   steps,	
   protecting	
   group	
  manipulations,	
   and	
  

often	
  denaturing	
  conditions	
  hence	
  the	
  need	
  for	
  additional	
  approaches.	
  [24-­‐28]	
  

We	
  have	
  previously	
  described	
  the	
  use	
  of	
  thiol-­‐ene	
  coupling	
  (TEC)	
  for	
  the	
  site-­‐specific	
  

conjugation	
  of	
  Ub	
  dimers	
  through	
  non-­‐native	
  Nε-­‐Gly-­‐L-­‐Lys	
  linkages.[29]	
  These	
  linkages	
  are	
  

tolerated	
  by	
  a	
  variety	
  of	
  deubiquitinase	
  enzymes	
   (DUBs),	
  which	
  make	
  TEC	
  an	
  acceptable	
  

alternative	
  for	
  the	
  synthesis	
  of	
  Ub	
  chains.	
  Herein	
  we	
  report	
  on	
  a	
  straightforward	
  strategy	
  

using	
   free	
   radical	
   TEC	
   to	
   produce	
   discrete	
   Ub	
   oligomers	
   with	
   well-­‐defined	
   linkages.	
  	
  

Moreover,	
  we	
  show	
  that	
  these	
  oligomers	
  can	
  be	
  used	
  to	
  investigate	
  substrate	
  preferences	
  

of	
  proteasomal	
  components.	
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Figure	
  3.1.	
  (A)	
  Comparison	
  between	
  enzymatic	
  and	
  nonenzymatic	
  coupling.	
  Ub	
  charged	
  E2	
  
thioester	
  (E2-­‐S-­‐Ub)	
  interacts	
  with	
  an	
  acceptor	
  Ub	
  to	
  catalyze	
  isopeptide	
  (N	
  ε-­‐-­‐Gly-­‐L-­‐Lys)	
  
bond	
  formation.	
  For	
  the	
  nonenzymatic	
  approach	
  a	
  free-­‐radical	
  TEC	
  strategy	
  is	
  shown	
  with	
  
a	
  dually	
  functionalized	
  Ub	
  monomer	
  harboring	
  a	
  C-­‐terminal	
  allyl	
  amine	
  adduct	
  and	
  a	
  
lysine-­‐to-­‐cysteine	
  mutation.	
  (B)	
  Scheme	
  depicting	
  nonenzymatic	
  polymerization	
  initiated	
  
using	
  lithium	
  acyl	
  phosphinate	
  (LAP)	
  and	
  365	
  nm	
  light.	
  Discrete	
  oligomers	
  are	
  linked	
  
through	
  an	
  N	
  ε-­‐Gly-­‐L-­‐homothiaLys	
  isopeptide-­‐like	
  bond.	
  The	
  two	
  dually	
  functionalized	
  Ub	
  
monomers	
  (I	
  and	
  II)	
  used	
  in	
  this	
  study	
  are	
  also	
  shown,	
  wherein	
  the	
  numbers	
  denote	
  the	
  
lysine	
  residue	
  mutated	
  to	
  cysteine.	
  

	
  

3.2	
  Results	
  and	
  Discussion	
  

Our	
   plan	
   was	
   to	
   emulate	
   the	
   enzymatic	
   logic	
   of	
   polyUb	
   chain	
   formation.	
   Three	
  

enzymes–E1	
   Ub-­‐activating,	
   E2	
   Ub-­‐conjugating,	
   and	
   E3	
   Ub-­‐ligating–catalyze	
   Ub	
  

polymerization.[30,31]	
   In	
   some	
   cases,	
   a	
   few	
   E2	
   enzymes	
   are	
   capable	
   of	
   catalyzing	
   the	
  

formation	
   of	
   linkage-­‐specific	
   polyUb	
   chains	
   in	
   vitro	
   in	
   the	
   absence	
   of	
   an	
   E3.[20,23,32]	
   E2	
  

enzymes	
  achieve	
   linkage	
  specificity	
  by	
  orienting	
  a	
  particular	
   lysine	
  of	
  an	
  acceptor	
  Ub	
   for	
  

nucleophilic	
   attack	
   on	
   the	
   donor	
   ubiquityl	
   thioester	
   (Figure	
   3.1A).[33-­‐35]	
   Single-­‐linkage	
  

(homotypic)	
  oligomers	
  of	
  different	
   lengths	
  are	
   then	
  generated	
  after	
   successive	
   rounds	
  of	
  

conjugation	
   through	
   a	
   step-­‐growth	
   polymerization	
   process.	
   With	
   this	
   mechanism	
   as	
   a	
  

model,	
   we	
   envisioned	
   expanding	
   the	
   repertoire	
   of	
   available	
   homotypic	
   chains	
   beyond	
  

Lys11-­‐,	
  Lys48-­‐,	
  and	
  Lys63-­‐linkages	
  by	
  using	
  a	
  dually	
   functionalized	
  Ub	
  monomer	
  (Figure	
  

3.1A).	
  In	
  this	
  Ub	
  variant,	
  the	
  C-­‐terminal	
  allyl	
  amine	
  appendage	
  acts	
  as	
  the	
  activated	
  E2-­‐S-­‐Ub	
  

intermediate	
   and	
   the	
   thiol	
   moiety	
   of	
   cysteine	
   serves	
   as	
   the	
   lysine	
   surrogate	
   providing	
  

linkage-­‐specificity.	
   Upon	
   photopolymerization	
   via	
   free-­‐radical	
   thiol-­‐ene	
   chemistry[29,36]	
  

under	
  non-­‐denaturing	
  conditions,	
  discrete	
  homotypic	
  oligomers	
  can	
  therefore	
  be	
  obtained	
  

(Figure	
  3.1B).	
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Figure	
   3.2.	
   Thiol-­‐ene	
   polymerization	
   reactions	
   using	
   monomers	
   I	
   and	
   II.	
   Reaction	
  
conditions	
   for	
  polymerization:	
   I	
  or	
   II	
   (2	
  mM),	
  LAP	
  (500	
  μM)	
   irradiated	
  at	
  365	
  nm	
  for	
  30	
  
minutes.	
  Polymerization	
  reactions	
  were	
  visualized	
  by	
  Coomassie	
  staining	
  and	
  fluorescence,	
  
the	
   latter	
   requiring	
   addition	
   of	
   tetramethylrhodamine-­‐5-­‐maleimide	
   (TAMRA)	
   post	
  
polymerization.	
  For	
  the	
  removal	
  of	
  polymers	
  via	
  the	
  action	
  of	
  IsoT,	
  polymerization	
  reaction	
  
mixtures	
  were	
  incubated	
  with	
  IsoT	
  (2	
  μM)	
  for	
  2	
  hours	
  at	
  37	
  °C	
  after	
  a	
  16	
  h	
  incubation	
  with	
  
YUH1	
   (750	
   nM)	
   to	
   remove	
   allyl	
   amine	
   appendages.	
   The	
   cyclic	
   trimer	
   is	
  marked	
  with	
   an	
  
asterisk	
  (*).	
  
	
  

We	
   initially	
   studied	
   the	
   polymerization	
   of	
   monomers	
   I	
   and	
   II	
   with	
   the	
   goal	
   of	
  

constructing	
  (i)	
  a	
  set	
  of	
  oligomers	
  harboring	
  linkages	
  currently	
  unattainable	
  by	
  enzymatic	
  

methods	
   (6-­‐linked	
   chains),	
   and	
   (ii)	
   a	
   control	
   series	
   with	
   enzymatically	
   available	
   48-­‐

linkages.[19,21,23]	
   Exposing	
   I	
   and	
   II	
   to	
   thiol-­‐ene	
   conditions	
   revealed	
   rapid	
   formation	
   of	
   a	
  

series	
  of	
  discrete	
  oligomers	
  (Figure	
  3.2;	
  lanes	
  1	
  and	
  3).	
  Polymerization	
  of	
  II	
  occurred	
  to	
  a	
  

much	
   greater	
   extent	
   than	
   that	
   for	
   I	
   based	
   on	
   the	
   formation	
   of	
   higher	
  molecular	
   weight	
  

species	
  with	
  48-­‐linkages.	
  This	
  difference	
  is	
  likely	
  due	
  to	
  the	
  relative	
  steric	
  hindrance	
  of	
  the	
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two	
  positions;	
  position-­‐6	
  is	
  part	
  of	
  a	
  β-­‐sheet	
  making	
  it	
  less	
  exposed	
  relative	
  to	
  position-­‐48,	
  

which	
  is	
  located	
  in	
  a	
  loop	
  region.	
  Another	
  feature	
  of	
  these	
  polymerization	
  reactions	
  is	
  the	
  

amount	
   of	
   monomer	
   that	
   remains.	
   This	
   could	
   be	
   a	
   consequence	
   of	
   the	
   fast	
   termination	
  

kinetics	
  (108	
  M-­‐1s-­‐1)	
  typically	
  observed	
  for	
  thiol-­‐ene	
  polymerizations.[37-­‐39]	
  Consistent	
  with	
  

this	
   notion,	
   we	
   found	
   that	
   the	
   conversion	
   of	
   monomers	
   into	
   higher	
   molecular	
   weight	
  

species	
  came	
  to	
  a	
  halt	
  almost	
  immediately	
  after	
  irradiation	
  (Figure	
  3.6).	
  	
  	
  

Encouraged	
  by	
  these	
  results,	
  it	
  was	
  important	
  for	
  us	
  to	
  verify	
  that	
  the	
  chain	
  ends	
  were	
  

not	
   altered	
   during	
   polymerization	
   given	
   modifications	
   such	
   as	
   cyclization	
   may	
   affect	
  

biochemical	
   function.[40]	
   Accordingly,	
   reactions	
   were	
   monitored	
   by	
   fluorescence	
   to	
  

determine	
  whether	
  each	
  of	
   the	
  species	
  observed	
  by	
  Coomassie	
  contained	
  a	
  reactive	
   thiol	
  

moiety.	
   We	
   reasoned	
   any	
   species	
   lacking	
   a	
   free	
   thiol	
   moiety	
   could	
   represent	
   a	
   cyclic	
  

oligomer	
   in	
   which	
   the	
   distal	
   and	
   proximal	
   Ub	
   units	
   are	
   tethered	
   through	
   an	
   Nε-­‐Gly-­‐L-­‐

homothiaLys	
  bond.	
  The	
  results	
  obtained	
  by	
  labeling	
  with	
  TAMRA	
  (tetramethylrhodamine-­‐

5-­‐maleimide)	
  closely	
  mirrored	
  Coomassie	
  staining	
  with	
  one	
  key	
  exception.	
  That	
  is,	
  a	
  band	
  

appearing	
  as	
  a	
  lower	
  molecular	
  weight	
  48-­‐linked	
  trimer	
  was	
  not	
  observed	
  by	
  fluorescence	
  

(Figure	
   3.2;	
   compare	
   lanes	
   3	
   and	
   7).	
   Since	
   isopeptidase	
   T	
   (IsoT)	
   is	
   a	
   DUB	
   sensitive	
   to	
  

cyclization[40],	
  we	
  sought	
  to	
  further	
  characterize	
  these	
  products	
  with	
  this	
  enzyme.	
  Prior	
  to	
  

IsoT-­‐catalyzed	
  hydrolysis,	
  C-­‐terminal	
  allyl	
  amine	
  modifications	
  were	
  removed	
  by	
  the	
  yeast	
  

Ub	
   hydrolase	
   YUH1.	
   This	
   step	
  was	
   necessary	
   to	
  maximize	
   hydrolytic	
   cleavage	
   of	
   all	
   the	
  

oligomers	
  because	
  IsoT	
  prefers	
  a	
  C-­‐terminal	
  carboxy	
  motif.[41,42]	
  Introduction	
  of	
  IsoT	
  led	
  to	
  

disassembly	
  of	
  all	
  6-­‐linked	
  oligomers	
  and	
  most	
  of	
   the	
  48-­‐linked	
  oligomers	
  except	
   for	
   the	
  

faster	
   migrating	
   trimer	
   as	
   evidenced	
   by	
   Coomassie	
   staining	
   (Figure	
   3.2;	
   lane	
   4).	
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Fluorescence	
  analysis	
  of	
  the	
  IsoT	
  reactions	
  showed	
  an	
  absence	
  of	
  a	
  band	
  corresponding	
  to	
  

the	
  putative	
  cyclic	
  trimer,	
  consistent	
  with	
  the	
  loss	
  of	
  a	
  free	
  thiol	
  moiety	
  (Figure	
  3.2;	
  lane	
  8).	
  	
  

To	
   characterize	
   the	
   remaining	
   acyclic	
   products,	
  we	
   isolated	
   individual	
   oligomers	
   and	
  

assessed	
   the	
   Nε-­‐Gly-­‐L-­‐homothiaLys	
   linkages.	
   Using	
   a	
   size-­‐exclusion	
   protocol,	
   milligram	
  

quantities	
  of	
  the	
  entire	
  series	
  from	
  tetramers	
  to	
  heptamers	
  could	
  be	
  obtained	
  for	
  both	
  6-­‐	
  

and	
   48-­‐linked	
   oligomers	
   (Figure	
   3.3A).	
   SDS-­‐PAGE	
   analysis	
   showed	
   that	
   48-­‐linked	
  

oligomers	
  produced	
  via	
   thiol-­‐ene	
   chemistry	
  migrate	
   through	
  polyacrylamide	
   in	
   the	
   same	
  

manner	
   as	
   those	
   produced	
   enzymatically.[23]	
   Moreover,	
   a	
   commercially	
   available	
   rabbit	
  

monoclonal	
  antibody	
  (D9D5)	
  raised	
  against	
  polyUb	
  chains	
  linked	
  through	
  Lys48	
  exhibited	
  

binding	
   to	
  oligomers	
  with	
  Nε-­‐Gly-­‐L-­‐homothiaLys48	
   linkages	
  (Figure	
  3.3B).	
  To	
  confirm	
  the	
  

linkage	
   between	
   each	
   subunit,	
   we	
   used	
   Fourier-­‐transform	
   ion	
   cyclotron	
   (FT-­‐ICR)	
   MS	
  

analysis.	
  Exploiting	
  the	
  stability	
  of	
  Ub	
  in	
  the	
  presence	
  of	
  trypsin,	
  oligomers	
  were	
  minimally	
  

digested	
   to	
  generate	
   two	
  species:	
  Ub1-­‐74	
  (IV)	
  and	
  Ub1-­‐74	
  with	
  a	
  171.2	
  amu	
  addition	
  due	
   to	
  

the	
   Gly-­‐Gly-­‐allyl	
   amine	
   appendage	
   (V)	
   (Figure	
   3.3C).[29,43,44]	
   MS	
   analysis	
   of	
   these	
   digests	
  

demonstrated	
  the	
  presence	
  of	
  both	
  IV	
  and	
  V	
  (Figure	
  3.3D).	
  Note	
  that	
  if	
  undesired	
  C-­‐S	
  or	
  C-­‐C	
  

radical	
   recombination	
   products	
   formed	
   during	
   polymerization,	
   our	
   minimal	
   digest	
  

approach	
  would	
  identify	
  these	
  products.	
  However,	
  no	
  other	
  Ub	
  variants	
  carrying	
  cysteine	
  

modifications	
  besides	
  V	
  were	
  observed.	
  All	
  position-­‐specific	
  modifications	
  were	
  verified	
  by	
  

electron	
   capture	
  dissociation	
   (ECD)	
  and/or	
   collision-­‐activated	
  dissociation	
   (CAD)	
  MS/MS	
  

analysis	
  (see	
  materials	
  and	
  methods).	
  Together,	
  these	
  data	
  indicate	
  thiol-­‐ene	
  chemistry	
  is	
  a	
  

powerful	
  method	
  for	
  producing	
  long	
  homotypic	
  Ub	
  oligomers.	
  	
  

To	
  study	
  the	
  function	
  of	
  6-­‐linked	
  chains	
  in	
  the	
  context	
  of	
  proteasomal	
  components,	
  we	
  

carried	
  out	
  hydrolysis	
  assays	
  with	
  proteasome-­‐associated	
  DUBs.	
  For	
  comparison,	
  48-­‐linked	
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tetramers	
   were	
   also	
   analyzed,	
   as	
   these	
   are	
   the	
   canonical	
   signals	
   for	
   proteasomal	
  

turnover.[3]	
   Prior	
   to	
   evaluating	
   the	
   stability	
   of	
   tetramers	
   in	
   the	
   presence	
   of	
   proteasome-­‐

associated	
  DUBs	
  we	
  wanted	
   to	
   verify	
   that	
   these	
   oligomers	
   could	
   serve	
   as	
   substrates	
   for	
  

DUBs	
  other	
  than	
  IsoT.	
  To	
  this	
  end,	
  we	
  used	
  a	
  DUB	
  with	
  	
  

	
  

	
  

Figure	
  3.3.	
   Isolation	
   and	
   characterization	
  of	
   discrete	
  6-­‐	
   and	
  48-­‐linked	
  Ub	
  oligomers.	
   (A)	
  
SDS-­‐PAGE	
   analysis	
   of	
   purified	
   oligomers.	
   (B)	
   Western	
   blot	
   (WB)	
   analysis	
   of	
   48-­‐linked	
  
oligomers	
  is	
  shown	
  on	
  the	
  right.	
  For	
  this	
  experiment,	
  the	
  D9D5	
  monoclonal	
  antibody	
  (Cell	
  
Signaling	
  Technology)	
  was	
  used	
  as	
  it	
  recognizes	
  the	
  Nε-­‐Gly-­‐L-­‐Lys48	
  isopeptide	
  linkage.	
  (C)	
  
Minimal	
  trypsin	
  digest	
  of	
  oligomers	
  results	
  in	
  the	
  formation	
  of	
  two	
  distinct	
  Ub	
  monomers	
  
IV	
   and	
  V.	
   (D)	
  Representative	
  FT-­‐ICR	
  MS	
   spectra	
  of	
  minimal	
   trypsin	
  digests	
   of	
   various	
  6-­‐
linked	
  oligomers.	
  All	
  peaks	
  are	
  shown	
  in	
  the	
  M10+	
  ionization	
  state.	
  	
  
	
  

selectivity	
  for	
  Lys48-­‐linked	
  chains	
  	
  (OTUB1;	
  otubain	
  1)[45]	
  and	
  one	
  without	
  a	
  preference	
  for	
  

linkage	
   type	
   (USP7;	
   Ub	
   specific	
   protease	
   7).[46]	
   Consistent	
   with	
   the	
   reported	
   activity	
   of	
  

OTUB1	
  we	
  observed	
  disassembly	
  of	
  48-­‐linked	
  tetramers	
  into	
  smaller	
  fragments	
  within	
  90	
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minutes,	
  whereas	
  the	
  6-­‐linked	
  tetramer	
  remained	
  intact	
  (Figure	
  3.4A).	
  USP7	
  on	
  the	
  other	
  

hand	
   efficiently	
   degraded	
   both	
   6-­‐	
   and	
   48-­‐linked	
   tetramers	
   (Figure	
   3.4A).	
   With	
   these	
  

observations	
   along	
   with	
   the	
   antibody-­‐binding	
   assay	
   (Figure	
   3.3B)	
   we	
   conclude	
   that	
  

tetramers	
  forged	
  through	
  thiol-­‐ene	
  polymerizations	
  are	
  good	
  models	
  for	
  native	
  oligomers.	
  

For	
  experiments	
  with	
  proteasomal	
  DUBs,	
  we	
  examined	
  6-­‐	
  and	
  48-­‐linked	
   tetramers	
   in	
  

the	
  presence	
  of	
  UCH37	
  and	
  the	
  19S	
  regulatory	
  particle	
  (RP).	
   	
  The	
  19S	
  RP,	
  which	
  acts	
  as	
  a	
  

receptor	
  for	
  polyubiquitinated	
  target	
  proteins	
  bound	
  to	
  the	
  26S	
  proteasome,	
  is	
  composed	
  

of	
  three	
  DUBs	
  (UCH37,	
  USP14,	
  and	
  RPN11/POH1)	
  but	
  only	
  two	
  hydrolyze	
  bonds	
  between	
  

subunits	
   within	
   a	
   chain	
   (USP14	
   and	
   UCH37).[47]	
   With	
   UCH37	
   alone,	
   we	
   observed	
   a	
  

preference	
  for	
  48-­‐linked	
  tetramers	
  over	
  6-­‐linked	
  substrates	
  (Figure	
  3.4B).	
  However,	
  in	
  the	
  

context	
  of	
  19S	
  both	
  linkage	
  types	
  were	
  hydrolyzed	
  to	
  a	
  similar	
  extent	
  (Figure	
  3.4B).	
  These	
  

data	
  suggest	
  Ub-­‐binding	
  proteins	
  present	
  in	
  the	
  19S	
  RP	
  could	
  override	
  intrinsic	
  substrate	
  

preferences	
  of	
  proteasome-­‐associated	
  DUBs.	
  	
  

These	
   findings	
   raise	
   another	
   important	
   point	
   related	
   to	
   what	
   constitutes	
   a	
  

proteolytically-­‐competent	
   Ub	
   signal.	
   Lys48-­‐	
   and	
   Lys63-­‐linked	
   polyUb	
   chains	
   have	
   long	
  

been	
   thought	
   to	
   govern	
   distinct	
   biological	
   pathways:	
   the	
   former	
   is	
   a	
   proteolytic	
   signal	
  

whereas	
  the	
  latter	
  is	
  non-­‐proteolytic.	
  The	
  underlying	
  biochemical	
  details	
  of	
  these	
  discrete	
  

functions	
   are	
   perplexing	
   considering	
   Lys63-­‐linked	
   chains	
   promote	
   proteasomal	
  

degradation	
   in	
  vitro.[48]	
  However,	
   a	
   recent	
   study	
  by	
  Liu	
  and	
  coworkers	
   shed	
   light	
  on	
   this	
  

paradox.[15]	
  They	
  found	
  Lys63-­‐linked	
  chains	
  are	
  sequestered	
  away	
  from	
  the	
  proteasome	
  by	
  

linkage-­‐specific	
   Ub-­‐binding	
   domains,	
   but	
   also	
   proteasome-­‐associated	
   DUBs	
   hydrolyze	
  

these	
   linkages	
   faster	
   than	
  Lys48-­‐linked	
  chains.	
  These	
   latter	
  results	
  advocate	
   for	
  a	
  kinetic	
  

proofreading	
  mechanism	
  to	
  ensure	
  the	
  right	
  substrate	
  is	
  degraded.	
  If	
  a	
  chain	
  is	
  particularly	
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susceptible	
   to	
   hydrolysis	
   by	
   proteasomal	
   DUBs,	
   e.g.,	
   Lys63-­‐linked	
   chains,	
   the	
   rate	
   of	
  

substrate	
   unfolding	
   and	
   proteolytic	
   cleavage	
   cannot	
   compete	
   with	
   dissociation.	
   This	
  

scenario	
  prevents	
  substrate	
  degradation.	
  By	
  contrast,	
  chains	
  less	
  vulnerable	
  to	
  the	
  action	
  of	
  

proteasomal	
   DUBs,	
   such	
   as	
   Lys48-­‐linked	
   chains,	
   allow	
   for	
   unfolding	
   and	
   proteolysis	
   to	
  

compete	
   with	
   substrate	
   dissociation.	
   Given	
   the	
   similar	
   stabilities	
   of	
   6-­‐	
   and	
   48-­‐linked	
  

oligomers	
  in	
  the	
  presence	
  of	
  the	
  19S	
  RP,	
  it	
  is	
  tempting	
  to	
  speculate	
  Lys6-­‐linked	
  chains	
  can	
  

support	
  proteasomal	
  degradation.	
  Additional	
  kinetic	
  and	
  substrate	
  degradation	
  studies	
  are	
  

necessary	
  to	
  validate	
  this	
  proposal.	
  	
  

	
  

	
  

Figure	
   3.4.	
   DUB-­‐catalyzed	
   cleavage	
   of	
   6-­‐	
   and	
   48-­‐linked	
   Ub	
   tetramers.	
   (A)	
   Silver-­‐stained	
  
SDS-­‐PAGE	
   analysis	
   of	
   disassembly	
   of	
   6-­‐	
   and	
   48-­‐linked	
   tetramers	
   (10	
   μM)	
   using	
   the	
   48-­‐
linkage	
  selective	
  DUB	
  OTUB1	
  (1	
  μM)	
  and	
   the	
  promiscuous	
  DUB	
  USP7	
  (1	
  μM).	
   (B)	
  Silver-­‐
stained	
  SDS-­‐PAGE	
  analysis	
  of	
  tetramer	
  (10	
  μM)	
  hydrolysis	
  using	
  proteasomal	
  components	
  
UCH37	
   (1	
   μM)	
   and	
   the	
   19S	
   (PA700)	
   regulatory	
   particle	
   (100	
   nM),	
   which	
   harbors	
   three	
  
deubiquitinating	
  enzymes	
  USP14,	
  UCH37,	
  and	
  POH1/RPN11.	
  
	
  

In	
   summary,	
   this	
   work	
   highlights	
   how	
   free-­‐radical	
   thiol-­‐ene	
   polymerizations	
   can	
   be	
  

applied	
  to	
  the	
  nonenzymatic	
  synthesis	
  of	
  polyUb	
  chains	
  with	
  well-­‐defined	
  linkages.	
  Using	
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this	
  approach	
  we	
  have	
  shown	
   for	
   the	
   first	
   time	
   that	
  homotypic	
  polyUb	
  chains	
  with	
  up	
   to	
  

seven	
  subunits	
  can	
  be	
  obtained	
  in	
  a	
  single	
  step.	
  With	
  rapid	
  access	
  to	
  long	
  chains	
  we	
  will	
  be	
  

able	
   to	
   gain	
   more	
   insight	
   into	
   the	
   role	
   of	
   6-­‐linked	
   chains	
   in	
   the	
   DNA	
   damage	
   response	
  

pathway	
  as	
  well	
  as	
  the	
  UPS.	
  	
  

	
  

3.3	
  Materials	
  and	
  Methods	
  

	
  

3.3.1	
  Ubiquitin	
  (Ub)	
  cloning	
  and	
  expression	
  

Cloning	
  Ubiquitin	
  (Ub)	
  KxCD77	
  (x	
  denotes	
  the	
  position	
  within	
  Ub	
  amino	
  acid	
  sequence)	
  

was	
  constructed	
  by	
  introducing	
  cysteine	
  mutations	
  at	
  specific	
  sites	
  using	
  splice	
  overlap	
  

extension.49	
  	
  Primers	
  containing	
  the	
  TGC	
  mutation	
  were	
  inserted	
  at	
  the	
  desired	
  lysine	
  

codon.	
  	
  D77	
  was	
  encoded	
  in	
  the	
  reverse	
  primer	
  to	
  afford	
  KxCD77.	
  

Expression	
  and	
  Purification.	
  The	
  Ub	
  variants	
  were	
  expressed	
  and	
  purified	
  as	
  described	
  

previously50,51	
  	
  with	
  one	
  key	
  exception	
  related	
  to	
  purification.	
  	
  That	
  is,	
  upon	
  dialysis	
  into	
  

Buffer	
  A	
  (50	
  mM	
  NH4OAc	
  pH	
  4.4,	
  1	
  mM	
  EDTA,	
  1	
  mM	
  DTT),	
  the	
  lysate	
  was	
  batch	
  bound	
  to	
  10	
  

mL	
  of	
  SP	
  Sepharose	
  Fast	
  Flow	
  resin	
  (GE	
  life	
  sciences)	
  for	
  1	
  hr.	
  	
  The	
  resin	
  was	
  then	
  washed	
  

with	
  50mL	
  Buffer	
  A,	
  50mL	
  5%	
  Buffer	
  B	
  (50	
  mM	
  NH4OAc	
  pH	
  4.4,	
  1	
  mM	
  EDTA,	
  1	
  mM	
  DTT,	
  

1M	
  NaCl),	
  and	
  50mL	
  10%	
  Buffer	
  B.	
  	
  The	
  Ub	
  variants	
  were	
  then	
  eluted	
  with	
  25%	
  Buffer	
  B.	
  	
  

Fractions	
  containing	
  Ub	
  (monitored	
  by	
  SDS	
  PAGE)	
  were	
  exchanged	
  into	
  H2O	
  and	
  

lyophilized.	
  

Synthesis	
  of	
  Ub	
  allyl	
  amine	
  adduct	
  (UbKxC-­‐AA)	
  

UbKxCD77	
  (185.6	
  mg,	
  21.7	
  µM)	
  was	
  dissolved	
  in	
  a	
  buffer	
  containing	
  50	
  mM	
  Hepes	
  pH	
  8,	
  1	
  

mM	
  EDTA,	
  30%	
  DMSO,	
  and	
  250	
  mM	
  allylamine	
  to	
  a	
  total	
  reaction	
  volume	
  of	
  25	
  mL.	
  	
  YUH151	
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(0.5	
  µM)	
  was	
  added	
  to	
  initiate	
  the	
  reaction	
  and	
  the	
  mixture	
  was	
  allowed	
  to	
  incubate	
  at	
  

room	
  temperature	
  for	
  two	
  hours.	
  	
  The	
  reaction	
  mixture	
  was	
  quenched	
  with	
  TFA	
  (pH~	
  2),	
  

exchanged	
  into	
  Buffer	
  A	
  (50	
  mM	
  NH4OAc	
  pH	
  4.4,	
  1	
  mM	
  DTT,	
  0.5	
  mM	
  EDTA)	
  and	
  purified	
  by	
  

cation	
  exchange	
  chromatography	
  using	
  previously	
  described	
  methods.51	
  	
  The	
  molecular	
  

weight	
  (MW)	
  of	
  the	
  UbKxC-­‐AA	
  conjugate	
  was	
  verified	
  using	
  a	
  matrix	
  assisted	
  laser	
  

desorption	
  ionization	
  (MALDI)	
  time-­‐of-­‐flight	
  (TOF)	
  mass	
  spectrometer	
  Bruker	
  REFLEXII.	
  	
  

Spectra	
  were	
  processed	
  using	
  mMass52,53.	
  	
  

	
  

Figure	
  3.5:	
  	
  MALDI/TOF	
  MS	
  spectrum	
  of	
  UbK6C-­‐AA	
  and	
  UbK48C-­‐AA,	
  calibrated	
  to	
  
wildtype	
  Ub.	
  Calc’d:	
  calculated	
  average	
  MW.	
  Expt’l:	
  experimental	
  calculated	
  average	
  
MW.	
  
	
  

3.3.2	
  Ub	
  Polymerization	
  via	
  Thiol-­‐ene	
  coupling	
  (TEC)	
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Ub	
  polymerization	
  reactions	
  contained	
  UbKxC-­‐AA	
  (2	
  mM),	
  lithium	
  acyl	
  phosphinate51,	
  54,	
  55	
  

(LAP)	
  (0.5	
  mM)	
  in	
  250	
  mM	
  NaOAc	
  buffer	
  pH	
  5	
  in	
  100	
  mL	
  reaction	
  volume.	
  	
  Samples	
  were	
  

placed	
  on	
  ice	
  and	
  irradiated	
  with	
  365	
  nM	
  light	
  for	
  30	
  minutes	
  using	
  an	
  OmniCure	
  series	
  

1500	
  light	
  source	
  placed	
  15	
  cm	
  above	
  the	
  sample.	
  As	
  a	
  negative	
  control,	
  reactions	
  were	
  

carried	
  out	
  in	
  the	
  absence	
  of	
  the	
  LAP	
  photoinitiator.	
  	
  The	
  dually	
  functionalized	
  monomers	
  

used	
  in	
  this	
  study	
  were:	
  UbK6C-­‐AA	
  and	
  UbK48C-­‐AA.	
  

A	
  time	
  course	
  was	
  performed	
  to	
  highlight	
  the	
  rate	
  at	
  which	
  discrete	
  oligomers	
  are	
  formed.	
  

As	
  shown	
  in	
  Figure	
  3.6	
  discrete	
  oligomers	
  along	
  with	
  high	
  molecular	
  weight	
  products	
  are	
  

produced	
  almost	
  instantaneously.	
  This	
  experiment	
  also	
  shows	
  the	
  reaction	
  stops	
  

immediately.	
  	
  	
  	
  

	
  

Figure	
  3.6:	
  Time	
  course	
  of	
  K48C-­‐AA.	
  	
  Reactions	
  shown	
  in	
  lanes	
  1	
  and	
  5	
  are	
  missing	
  LAP,	
  
but	
  are	
  irradiated	
  for	
  the	
  indicated	
  time.	
  

	
  

Purification	
  of	
  Ub	
  polymers:	
  20	
  TEC	
  reactions	
  (2	
  mL	
  total)	
  were	
  combined	
  for	
  each	
  

polymerization	
  and	
  purified	
  using	
  a	
  Superdex	
  75	
  HiLoad	
  size	
  exclusion	
  column	
  at	
  a	
  flow	
  

rate	
  of	
  0.2	
  mL/min,	
  collecting	
  2.5	
  mL	
  fractions	
  over	
  0.7	
  column	
  volumes.	
  	
  This	
  allowed	
  for	
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separation	
  of	
  monomers	
  up	
  to	
  heptamers.	
  	
  Further	
  purification	
  of	
  polymers	
  via	
  SEC	
  was	
  

performed	
  when	
  necessary.	
  Anti-­‐Lys48-­‐linked	
  polyUb	
  (D9D5)	
  from	
  Cell	
  Signaling	
  

Technology	
  was	
  used	
  to	
  verify	
  the	
  K48	
  linkage.	
  

	
  

Figure	
  3.7:	
  Representative	
  purification	
  of	
  thiol-­‐ene	
  polymerization.	
  	
  FPLC	
  chromatogram	
  
for	
  6-­‐linked	
  polymers	
  shows	
  separation	
  of	
  distinct	
  polymers	
  from	
  ubiquitin	
  (Ub)	
  monomer	
  
to	
  ubiquitin	
  heptamer	
  (Ub7).	
  Fractions	
  were	
  analyzed	
  by	
  SDS-­‐PAGE	
  and	
  visualized	
  using	
  
silver	
  stain.	
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3.3.3	
  Characterization	
  of	
  6-­‐	
  and	
  48-­‐linked	
  polymers	
  	
  

Sample	
  preparation	
  using	
  the	
  minimal	
  digest	
  method:	
  To	
  verify	
  the	
  K6C	
  and	
  K48C	
  

linkages,	
  polymers	
  were	
  minimally	
  digested51	
  with	
  trypsin	
  (6-­‐12h,	
  1:25-­‐1:50	
  trypsin:Ub	
  

ratio)	
  in	
  ammonium	
  bicarbonate	
  (160mM)	
  buffer.	
  	
  Digests	
  were	
  quenched	
  with	
  10%	
  acetic	
  

acid	
  and	
  diluted	
  1:4	
  (acetonitrile:	
  sample)	
  prior	
  to	
  injection	
  into	
  Fourier	
  transform	
  ion	
  

cyclotron	
  resonance	
  (FT-­‐ICR)	
  mass	
  spectrometer.	
  

Mass	
  Spectrometry	
  General	
  Procedure:	
  Samples	
  were	
  injected	
  into	
  a	
  7T	
  linear	
  ion	
  trap	
  

LTQ/FT-­‐ICR	
  hybrid	
  mass	
  spectrometer	
  (Thermo	
  Scientific	
  Inc.,	
  Bremen,	
  Germany)	
  

equipped	
  with	
  an	
  automated	
  chip-­‐based	
  nanoESI	
  source	
  (Triversa	
  NanoMate,	
  Advion	
  

BioSciences,	
  Ithaca,	
  NY).56	
  	
  The	
  resolving	
  power	
  of	
  the	
  FT-­‐ICR	
  mass	
  analyzer	
  was	
  set	
  to	
  

either	
  100,000	
  or	
  200,000.	
  All	
  FT-­‐ICR	
  spectra	
  were	
  processed	
  with	
  in-­‐house	
  developed	
  

Software	
  (MASH	
  SUITE	
  version	
  1.0)	
  using	
  a	
  signal	
  to	
  noise	
  threshold	
  of	
  3	
  and	
  a	
  fit	
  factor	
  of	
  

60%.	
  	
  Each	
  measurement	
  was	
  then	
  validated	
  manually.	
  	
  

Electron	
  capture	
  dissociation	
  (ECD)	
  and	
  Collisionally	
  Activated	
  Dissociation	
  (CAD)	
  	
  

analysis:	
  	
  ECD	
  (using	
  a	
  3-­‐5%	
  “electron	
  energy”	
  and	
  a	
  70-­‐75	
  ms	
  duration	
  with	
  no	
  delay)	
  and	
  

CAD	
  (using	
  a	
  19-­‐20%	
  normalized	
  collision	
  energy)	
  were	
  used	
  to	
  map	
  out	
  the	
  location	
  of	
  

modification.	
  The	
  resulting	
  mass	
  lists	
  were	
  further	
  assigned	
  based	
  on	
  the	
  protein	
  sequence	
  

of	
  Ub	
  with	
  or	
  without	
  the	
  modification	
  (GlyGly-­‐AA,	
  171.2	
  amu)	
  at	
  each	
  Cys	
  using	
  a	
  10	
  and	
  

20	
  ppm	
  tolerance	
  for	
  precursor	
  and	
  fragment	
  ions,	
  respectively.	
  	
  All	
  reported	
  Mr	
  values	
  are	
  

the	
  most	
  abundant	
  molecular	
  weights.	
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Figure	
  3.8:	
  ECD	
  analysis	
  of	
  K6C-­‐linked	
  tetramer.	
  (A)	
  K6C-­‐linked	
  Ub1-­‐74	
  GlyGly-­‐AA	
  parent	
  
ion	
  isolation	
  (M10+	
  charge	
  state)	
  with	
  insert	
  of	
  isotopomers.	
  (B)	
  Map	
  of	
  observed	
  fragments.	
  	
  
Data	
  analysis	
  for	
  the	
  map	
  on	
  top	
  does	
  not	
  include	
  thioether	
  linker.	
  	
  Bottom	
  map	
  includes	
  
Ne-­‐Gly-­‐L-­‐homothiaLys	
  thioether	
  linker	
  modification	
  at	
  C-­‐6	
  (red)	
  with	
  a	
  modified	
  mass	
  
value	
  of	
  171.2	
  Da.	
  (C)	
  Key	
  ECD	
  fragment	
  ions	
  for	
  mapping	
  thioether	
  linkage	
  site	
  on	
  UbK6C.	
  
Circles	
  represent	
  theoretical	
  isotopic	
  abundance	
  distribution	
  of	
  the	
  isotopomer	
  peaks.	
  	
  	
  	
  
Calc’d:	
  calculated	
  most	
  abundant	
  MW.	
  Expt’l:	
  experimental	
  most	
  abundant	
  MW.	
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Figure	
  3.9:	
  ECD	
  analysis	
  of	
  K6C-­‐linked	
  pentamer.	
  (A)	
  K6C-­‐linked	
  Ub1-­‐74	
  GlyGly-­‐AA	
  parent	
  
ion	
  isolation	
  (M10+	
  charge	
  state)	
  with	
  insert	
  of	
  isotopomers.	
  (B)	
  Map	
  of	
  observed	
  fragments.	
  	
  
Data	
  analysis	
  for	
  the	
  map	
  on	
  top	
  does	
  not	
   include	
  thioether	
  linker.	
   	
  Bottom	
  map	
  includes	
  
Ne-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
   linker	
   modification	
   at	
   C-­‐6	
   (red)	
   with	
   a	
   modified	
   mass	
  
value	
  of	
  171.2	
  Da.	
  (C)	
  Key	
  ECD	
  fragment	
  ions	
  for	
  mapping	
  thioether	
  linkage	
  site	
  on	
  UbK6C.	
  
Circles	
   represent	
   theoretical	
   isotopic	
   abundance	
   distribution	
   of	
   the	
   isotopomer	
   peaks.	
  
Calc’d:	
  calculated	
  most	
  abundant	
  MW.	
  Expt’l:	
  experimental	
  most	
  abundant	
  MW.	
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Figure	
  3.10:	
  ECD	
  analysis	
  of	
  K6C-­‐linked	
  hexamer.	
  (A)	
  K6C-­‐linked	
  Ub1-­‐74	
  GlyGly-­‐AA	
  parent	
  
ion	
  isolation	
  (M10+	
  charge	
  state)	
  with	
  insert	
  of	
  isotopomers.	
  (B)	
  Map	
  of	
  observed	
  fragments.	
  	
  
Data	
  analysis	
  for	
  the	
  map	
  on	
  top	
  does	
  not	
   include	
  thioether	
  linker.	
   	
  Bottom	
  map	
  includes	
  
Ne-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
   linker	
   modification	
   at	
   C-­‐6	
   (red)	
   with	
   a	
   modified	
   mass	
  
value	
  of	
  171.2	
  Da.	
  	
  (C)	
  Key	
  ECD	
  fragment	
  ions	
  for	
  mapping	
  thioether	
  linkage	
  site	
  on	
  UbK6C.	
  
Circles	
   represent	
   theoretical	
   isotopic	
   abundance	
   distribution	
   of	
   the	
   isotopomer	
   peaks.	
  
Calc’d:	
  calculated	
  most	
  abundant	
  MW.	
  Expt’l:	
  experimental	
  most	
  abundant	
  MW.	
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Figure	
   3.11:	
   ECD	
   and	
   CAD	
   analysis	
   of	
   K48C-­‐linked	
   tetramer.	
   (A)	
   K48C-­‐linked	
   Ub1-­‐74	
  
GlyGly-­‐AA	
  parent	
   ion	
   isolation	
   (M8+	
   charge	
   state)	
  with	
   insert	
   of	
   isotopomers.	
   (B)	
  Map	
  of	
  
observed	
   fragments.	
   	
  Data	
  analysis	
   for	
   the	
  map	
  on	
   top	
  does	
  not	
   include	
   thioether	
   linker.	
  	
  
Bottom	
   map	
   includes	
   Ne-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
   linker	
   modification	
   at	
   C-­‐48	
   (red)	
  
with	
  a	
  modified	
  mass	
  value	
  of	
  171.2	
  Da.	
  (C)	
  Key	
  ECD	
  fragment	
  ions	
  for	
  mapping	
  thioether	
  
linkage	
  site	
  on	
  UbK48C.	
  Circles	
  represent	
  theoretical	
  isotopic	
  abundance	
  distribution	
  of	
  the	
  
isotopomer	
   peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
   most	
   abundant	
   MW.	
   Expt’l:	
   experimental	
   most	
  
abundant	
  MW.	
  



	
   88	
  

	
  



	
   89	
  

Figure	
   3.12:	
   ECD	
   and	
   CAD	
   analysis	
   of	
   K48C-­‐linked	
   pentamer.	
   (A)	
   K48C-­‐linked	
   Ub1-­‐74	
  
GlyGly-­‐AA	
  parent	
   ion	
   isolation	
   (M8+	
   charge	
   state)	
  with	
   insert	
   of	
   isotopomers.	
   (B)	
  Map	
  of	
  
observed	
   fragments.	
   	
  Data	
  analysis	
   for	
   the	
  map	
  on	
   top	
  does	
  not	
   include	
   thioether	
   linker.	
  	
  
Bottom	
   map	
   includes	
   Ne-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
   linker	
   modification	
   at	
   C-­‐48	
   (red)	
  
with	
  a	
  modified	
  mass	
  value	
  of	
  171.2	
  Da.	
  (C)	
  Key	
  ECD	
  fragment	
  ions	
  for	
  mapping	
  thioether	
  
linkage	
  site	
  on	
  UbK48C.	
  Circles	
  represent	
  theoretical	
  isotopic	
  abundance	
  distribution	
  of	
  the	
  
isotopomer	
   peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
   most	
   abundant	
   MW.	
   Expt’l:	
   experimental	
   most	
  
abundant	
  MW.	
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Figure	
   3.13:	
   ECD	
   and	
   CAD	
   analysis	
   of	
   K48C-­‐linked	
   hexamer.	
   (A)	
   K48C-­‐linked	
   Ub1-­‐74	
  
GlyGly-­‐AA	
  parent	
   ion	
   isolation	
   (M8+	
   charge	
   state)	
  with	
   insert	
   of	
   isotopomers.	
   (B)	
  Map	
  of	
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observed	
   fragments.	
   	
  Data	
  analysis	
   for	
   the	
  map	
  on	
   top	
  does	
  not	
   include	
   thioether	
   linker.	
  	
  
Bottom	
   map	
   includes	
   Ne-­‐Gly-­‐L-­‐homothiaLys	
   thioether	
   linker	
   modification	
   at	
   C-­‐48	
   (red)	
  
with	
  a	
  modified	
  mass	
  value	
  of	
  171.2	
  Da.	
  (C)	
  Key	
  ECD	
  fragment	
  ions	
  for	
  mapping	
  thioether	
  
linkage	
  site	
  on	
  UbK48C.	
  Circles	
  represent	
  theoretical	
  isotopic	
  abundance	
  distribution	
  of	
  the	
  
isotopomer	
   peaks.	
   	
   	
   	
   Calc’d:	
   calculated	
   most	
   abundant	
   MW.	
   Expt’l:	
   experimental	
   most	
  
abundant	
  MW.	
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4.1	
  ABSTRACT	
  
	
  

Protein	
   ubiquitylation,	
   one	
   of	
   the	
   most	
   prevalent	
   post-­‐translational	
   modifications	
   in	
  

eukaryotes,	
   is	
   involved	
   in	
   regulating	
   nearly	
   every	
   cellular	
   signaling	
   pathway.	
   The	
   vast	
  

functional	
  range	
  of	
  ubiquitylation	
  has	
  largely	
  been	
  attributed	
  to	
  the	
  formation	
  of	
  a	
  diverse	
  

array	
  of	
  polymeric	
  ubiquitin	
  (polyUb)	
  chains.	
  Methods	
  that	
  enable	
  characterization	
  of	
  these	
  

diverse	
   chains	
   are	
   necessary	
   to	
   fully	
   understand	
   how	
   differences	
   in	
   structure	
   relate	
   to	
  

function.	
  Here,	
  we	
  describe	
  a	
  method	
  for	
  the	
  detection	
  of	
  enzymatically-­‐derived	
  branched	
  

polyUb	
  conjugates	
  in	
  which	
  a	
  single	
  Ub	
  subunit	
  is	
  modified	
  by	
  two	
  Ub	
  molecules	
  at	
  distinct	
  

lysine	
   residues.	
   Using	
   a	
   middle-­‐down	
   mass	
   spectrometry	
   approach	
   in	
   which	
   restricted	
  

trypsin-­‐mediated	
  digestion	
   is	
   coupled	
  with	
  mass	
   spectrometric	
   analysis,	
  we	
   characterize	
  

the	
  polyUb	
  chains	
  produced	
  by	
  bacterial	
  effector	
  E3	
  ligases	
  NleL	
  (non-­‐Lee-­‐encoded	
  effector	
  

ligase	
  from	
  enterohemorrhagic	
  E.	
  coli	
  O157:H7)	
  and	
  IpaH9.8	
  (from	
  Shigella	
  flexneri).	
  Since	
  

Ub	
   is	
   largely	
   intact	
   after	
   minimal	
   trypsinolysis,	
   multiple	
   modifications	
   on	
   a	
   single	
   Ub	
  

moiety	
   can	
   be	
   detected.	
   Analysis	
   of	
   NleL-­‐	
   and	
   IpaH9.8-­‐derived	
   polyUb	
   chains	
   reveals	
  

branch	
   points	
   are	
   present	
   in	
   approximately	
   10	
  %	
  of	
   the	
   overall	
   chain	
   population.	
  When	
  

unanchored,	
   well-­‐defined	
   polyUb	
   chains	
   are	
   added	
   to	
   reactions	
   containing	
   NleL,	
   longer	
  

chains	
   are	
   more	
   likely	
   to	
   be	
   modified	
   internally,	
   forming	
   branch	
   points	
   rather	
   than	
  

extending	
   from	
   the	
   end	
   of	
   the	
   chain.	
   	
   These	
   results	
   suggest	
   that	
   middle-­‐down	
   mass	
  

spectrometry	
  can	
  be	
  used	
  to	
  assess	
  the	
  extent	
  to	
  which	
  branched	
  polyUb	
  chains	
  are	
  formed	
  

by	
   various	
   enzymatic	
   systems	
   and	
   potentially	
   evaluate	
   the	
   presence	
   of	
   these	
   atypical	
  

conjugates	
  in	
  cell	
  and	
  tissue	
  extracts.	
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4.2	
  INTRODUCTION	
  

Through	
   covalent	
   attachment	
   to	
   intracellular	
   proteins	
   –	
   a	
   process	
   termed	
   protein	
  

ubiquitylation	
   –	
   the	
   small	
   protein	
   ubiquitin	
   (Ub)	
   regulates	
   a	
   wide	
   range	
   of	
   biological	
  

processes.1-­‐6	
  Ub	
   is	
   tethered	
   to	
  proteins	
   via	
   the	
   action	
  of	
   three	
  proteins:	
  E1	
  Ub	
  activating	
  

enzymes,	
   E2	
  Ub	
   conjugating	
   enzymes,	
   and	
   E3	
  Ub	
   ligating	
   enzymes	
   (Figure	
   4.1A).7,	
  8	
   This	
  

enzymatic	
   cascade	
   results	
   in	
   the	
   formation	
   of	
   an	
   isopeptide	
   linkage	
   between	
   the	
   Ub	
   C-­‐

terminus	
   and	
   an	
   ε-­‐amino	
   group	
   of	
   a	
   substrate	
   lysine	
   residue.	
   Analogous	
   to	
   protein	
  

glycosylation,	
  once	
  Ub	
  is	
  anchored	
  to	
  a	
  substrate	
  protein	
  additional	
  rounds	
  of	
  conjugation	
  

afford	
   polymeric	
   Ub	
   (polyUb)	
   chains.	
   A	
   variety	
   of	
   chains	
   can	
   be	
   assembled	
   due	
   to	
   the	
  

presence	
  of	
  seven	
  Ub	
  lysine	
  residues	
  (K6,	
  K11,	
  K27,	
  K29,	
  K33,	
  K48,	
  and	
  K63)	
  and	
  an	
  amino	
  

terminus	
   (M1)	
   (Figure	
   4.1B).	
   The	
   prevailing	
   view	
   is	
   that	
   distinct	
   polyUb	
   chains	
   govern	
  

specific	
   biological	
   pathways.5	
   This	
   supposition	
   is	
   based,	
   in	
   large	
   part,	
   on	
   the	
   disparate	
  

activities	
  of	
  single-­‐linkage	
  (homotypic)	
  K48-­‐	
  and	
  K63-­‐linked	
  polyUb	
  chains.	
  K48-­‐linked	
  Ub	
  

chains	
  with	
  a	
  minimum	
  of	
  four	
  subunits	
  endow	
  cells	
  with	
  the	
  ability	
  to	
  remove	
  intracellular	
  

proteins	
  by	
  acting	
  as	
  the	
  principal	
  signal	
  for	
  proteasomal	
  degradation.9-­‐11	
  By	
  contrast,	
  K63-­‐

linked	
  polyUb	
   chains	
   serve	
   as	
  non-­‐degradative	
   signals	
  during	
   the	
  DNA	
  damage	
   response	
  

and	
  cytokine	
  signaling.12,	
  13	
  These	
  functional	
  discrepancies	
  have	
  lead	
  to	
  efforts	
  to	
  uncover	
  

the	
   roles	
   of	
   other	
   polyUb	
   chains,	
   particularly	
   since	
   proteomics	
   studies	
   have	
   revealed	
   all	
  

eight	
  Ub-­‐Ub	
  linkages	
  are	
  present	
  in	
  eukaryotic	
  cells.14	
  While	
  it	
  has	
  become	
  evident	
  non-­‐K48	
  

and	
  K63	
  linkages	
  increase	
  in	
  abundance	
  under	
  certain	
  cellular	
  conditions	
  (e.g.,	
  M1,	
  K6,	
  and	
  

K11),15-­‐17	
  the	
  precise	
  function	
  of	
  these	
  conjugates	
  is	
  unclear.	
  Moreover,	
  the	
  exact	
  topology	
  

of	
   chains	
   (e.g.,	
   whether	
   a	
   chain	
   is	
   linear	
   or	
   branched)	
   that	
   govern	
   a	
   particular	
   cellular	
  

pathway	
  has	
  been	
  a	
  mystery.	
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Figure	
   4.1.	
   Protein	
   ubiquitylation.	
   A.	
   Cascade	
   of	
   E1,	
   E2,	
   and	
   E3	
   enzymes	
   catalyze	
   the	
  
formation	
   of	
   an	
   isopeptide	
   bond	
   between	
   a	
   substrate	
   protein	
   and	
   ubiquitin	
   (Ub).	
   B.	
  
Structure	
  of	
  Ub	
  (1ubq.pdb)	
  showing	
   the	
  seven	
   lysines	
   (K6,	
  K11,	
  K27,	
  K29,	
  K33,	
  K48,	
  and	
  
K63)	
  and	
  the	
  types	
  of	
  polymeric	
  Ub	
  (polyUb)	
  chains	
  that	
  form	
  due	
  to	
  the	
  presence	
  of	
  these	
  
residues.	
  The	
  lines	
  between	
  Ub	
  subunits	
  in	
  the	
  chains	
  denote	
  an	
  isopeptide	
  linkage	
  and	
  the	
  
numbers	
   indicate	
   the	
   lysine	
   used	
   to	
   link	
   subunits	
   together.	
   In	
   the	
   case	
   of	
   a	
   branched	
  
heterotypic	
  chain,	
  a	
  single	
  subunit	
   is	
  modified	
  with	
  two	
  or	
  more	
  Ub	
  molecules	
  via	
  two	
  or	
  
more	
  isopeptide	
  linkages.	
  	
  	
  
	
  

Connecting	
  chain	
  topology	
  to	
  a	
  particular	
  biological	
   function	
  presents	
  a	
  significant	
  

analytical	
  challenge.	
  The	
  three	
  most	
  common	
  methods	
  for	
  analyzing	
  polyUb	
  chains	
  include	
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expression	
  of	
  Ub	
  lysine-­‐to-­‐arginine	
  (K-­‐to-­‐R)	
  variants	
  in	
  different	
  cell	
  lines,	
  linkage-­‐specific	
  

antibodies,	
  and	
  mass	
  spectrometry	
  (MS).18	
  Use	
  of	
  Ub	
  K-­‐to-­‐R	
  variants	
  blocks	
  chain	
  extension	
  

through	
   specific	
   sites	
   and	
   therefore	
   prevents	
   downstream	
   events	
   associated	
   with	
   a	
  

particular	
   polyUb	
   chain.	
   The	
   implementation	
   of	
   this	
   approach	
   has	
   led	
   to	
   seminal	
  

discoveries	
   related	
   to	
   K48	
   and	
   K63	
   linkages.10,	
   12	
   However,	
   Ub	
   K-­‐to-­‐R	
   variants	
   are	
  

overexpressed	
  in	
  living	
  cells	
  and	
  the	
  presence	
  of	
  wild	
  type	
  Ub	
  often	
  complicates	
  analysis.	
  

Furthermore,	
   definitive	
   conclusions	
   cannot	
   be	
   drawn	
   with	
   regards	
   to	
   the	
   formation	
   of	
  

linear	
   or	
  branched	
  heterotypic	
   chains,	
   and	
  particular	
  K-­‐to-­‐R	
   substitutions	
  may	
   affect	
   the	
  

surface	
   of	
   Ub	
   and	
   bias	
   polyUb	
   assembly.	
   Although	
   linkage-­‐specific	
   antibodies	
   (four	
   of	
  

which	
  are	
  available:	
  M1,	
  K11,	
  K48,	
  and	
  K63)15,	
  17,	
  19	
  provide	
  an	
  opportunity	
  to	
  explore	
  the	
  

impact	
  of	
  chain	
  linkage	
  on	
  the	
  fate	
  of	
  endogenous	
  polyUb-­‐modified	
  proteins,	
  it	
  is	
  difficult	
  to	
  

differentiate	
  between	
  homotypic	
  and	
  heterotypic	
  chains.19,	
  20	
  	
  

	
  MS	
   approaches	
   have	
   also	
   been	
   instrumental	
   in	
   characterizing	
  polyUb	
   chains.	
   The	
  

most	
   common	
   strategy	
   is	
   to	
   use	
   a	
   bottom-­‐up	
   approach	
   in	
  which	
  Ub	
   conjugates	
   are	
   first	
  

digested	
   extensively	
   by	
   trypsin	
   then	
   analyzed	
   by	
   MS.21	
   Modified	
   lysine	
   residues	
   of	
   a	
  

particular	
   protein,	
   including	
   Ub	
   itself,	
   are	
   then	
   identified	
   by	
   the	
   presence	
   of	
   a	
   diglycine	
  

(GG)	
  motif	
   appended	
   to	
   the	
   ε-­‐amino	
  group	
   (trypsin	
   cleaves	
  between	
  R74	
  and	
  G75	
  of	
  Ub	
  

leaving	
  behind	
  the	
  GG	
  motif).	
  While	
  bottom-­‐up	
  MS	
  enables	
  characterization	
  of	
  the	
  linkages	
  

between	
   two	
   Ub	
   molecules,	
   it	
   is	
   difficult	
   to	
   assess	
   chain	
   length	
   and	
   topology	
   because	
  

connectivity	
  of	
  Ub	
   fragments	
  harboring	
  branch	
  points	
   is	
  destroyed	
  during	
  digestion.22	
  To	
  

address	
  this,	
  there	
  has	
  been	
  interest	
  in	
  using	
  other	
  approaches	
  that	
  examine	
  intact	
  proteins	
  

such	
   as	
  middle-­‐down	
  MS.23-­‐25	
  Middle-­‐down	
  MS	
   combines	
   the	
   benefits	
   of	
   both	
   bottom-­‐up	
  

and	
  top-­‐down	
  approaches	
  by	
  exploiting	
  minimal	
  protease	
  digestion	
  of	
  protein	
  samples	
  and	
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the	
   ability	
   to	
   detect	
   multiple	
   post-­‐translational	
   modifications	
   on	
   a	
   single	
   polypeptide	
  

chain.26-­‐28	
   	
   However,	
   this	
   approach	
   has	
   not	
   been	
   applied	
   to	
   the	
   analysis	
   of	
   Ub	
   chain	
  

topology.	
  	
  

Here	
   we	
   demonstrate	
   the	
   utility	
   of	
   middle-­‐down	
   MS	
   in	
   the	
   characterization	
   of	
  

branched	
   polyUb	
   chains	
   produced	
   by	
   bacterial	
   E3	
   ligases.	
   Several	
   pathogenic	
   bacteria	
  

deliver	
   proteins,	
   termed	
   effectors,	
   into	
   host	
   cells	
   to	
   undermine	
   the	
   defense	
   response.29	
  

Since	
  the	
  ubiquitylation	
  network	
  plays	
  a	
  major	
  role	
  in	
  the	
  immune	
  response,	
  it	
  is	
  one	
  of	
  the	
  

primary	
  targets	
  of	
  these	
  effector	
  proteins.	
  Many	
  effectors	
  functionally	
  mimic	
  eukaryotic	
  E3	
  

ligases	
  and	
  catalyze	
  the	
  assembly	
  of	
  polyUb	
  chains	
  on	
  a	
  distinct	
  subset	
  of	
  host	
  proteins.30	
  

One	
   particular	
   example	
   is	
   the	
   E3	
   ligase	
   NleL	
   (non-­‐Lee-­‐encoded	
   effector	
   ligase)	
   from	
  

enterohemorrhagic	
  E.	
  coli	
  (EHEC)	
  O157:H7.31,	
  32	
  NleL	
  is	
  important	
  for	
  modulating	
  the	
  actin	
  

cytoskeleton	
   of	
   the	
   host	
   cell,	
   and	
   has	
   recently	
   been	
   shown	
   to	
   build	
   heterotypic	
   polyUb	
  

chains	
  bearing	
  K6	
  and	
  K48	
  linkages	
  in	
  vitro.	
  31,	
  33	
  Because	
  of	
  the	
  challenges	
  associated	
  with	
  

the	
   assessment	
   of	
   chain	
   topology,	
   however,	
   the	
   extent	
   to	
  which	
   NleL	
   constructs	
   polyUb	
  

chains	
   bearing	
   branch	
  points	
   is	
   unknown.	
  Therefore,	
  we	
   sought	
   to	
   employ	
  middle-­‐down	
  

MS	
  in	
  the	
  characterization	
  of	
  polyUb	
  chains	
  produced	
  by	
  NleL	
  as	
  well	
  as	
  another	
  bacterial	
  

E3	
  ligase	
  from	
  Shigella	
  flexneri,	
  IpaH9.8.34	
  The	
  results	
  of	
  our	
  investigation	
  suggest	
  middle-­‐

down	
   MS	
   can	
   be	
   used	
   to	
   evaluate	
   polyUb	
   chain	
   branching	
   and	
   dissect	
   the	
   factors	
   that	
  

contribute	
  to	
  the	
  formation	
  of	
  this	
  underexplored	
  chain	
  topology.	
  	
  	
  	
  	
  	
  	
  	
  

	
  

4.3	
  MATERIALS	
  AND	
  METHODS	
  

4.3.1	
   Protein	
   Expression	
   and	
   Purification.	
   Wild	
   type	
   ubiquitin	
   (Ub)	
   and	
   lysine-­‐to-­‐

cysteine	
   (K-­‐to-­‐C)	
   Ub	
   variants	
   were	
   expressed	
   in	
   E.	
   coli	
   RosettaTM	
   2(DE3)pLysS	
   cells	
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(Novagen)	
   and	
   purified	
   by	
   perchloric	
   acid	
   precipitation,	
   following	
   a	
   procedure	
   adapted	
  

from	
   Pickart	
   2005.35	
   DNA	
   encoding	
   the	
   human	
   E1	
   Ub-­‐activating	
   enzyme	
   was	
   amplified	
  

from	
  the	
  HeLa	
  cell	
  cDNA	
  library	
  and	
  cloned	
  into	
  pET24a(+).	
  The	
  UbcH5c(Ube2D3)-­‐pET14a	
  

DNA	
   construct	
  was	
   purchased	
   from	
  Addgene.	
   The	
   catalytic	
   domain	
   of	
   IpaH9.8254-­‐545	
  was	
  

cloned	
   into	
   pET28a(+).	
   	
   Human	
   E1,	
   UBE2D3,	
   and	
   IpaH9.8	
   (Shigella	
   flexneri)	
   with	
   6x-­‐

histidine	
   (His)	
   tags	
   were	
   expressed	
   and	
   purified	
   as	
   previously	
   described.36	
  A	
   bacterial	
  

expression	
   vector	
   encoding	
   glutathione	
   S-­‐transferase	
   (GST)-­‐tagged	
   NleL170–782	
  was	
   a	
   gift	
  

from	
  D.Y.W.	
  Lin	
  and	
   J.	
  Chen.	
  Briefly,	
  GST-­‐tagged	
  NleL	
  was	
  expressed	
   in	
  E.	
  coli	
  BL-­‐21	
  cells	
  

grown	
  in	
  LB	
  medium	
  (OD600	
  of	
  0.6)	
  at	
  37	
  0C,	
  induced	
  with	
  IPTG	
  (0.1	
  mM)	
  and	
  grown	
  at	
  16	
  

0C	
   (16	
  h).	
  GST-­‐NleL	
  was	
   then	
  purified	
  by	
  glutathione	
  sepharose	
  affinity	
  chromatography.	
  	
  

The	
  GST	
  tag	
  was	
  cleaved	
  from	
  the	
  eluted	
  protein	
  with	
  TEV	
  protease	
  (4	
  °C,	
  16	
  hours)	
  and	
  

further	
   purified	
   by	
   gel	
   filtration	
   (Superdex	
   200,	
   GE	
   Healthcare).	
   The	
   gene	
   construct	
   for	
  

UbcH7	
  (UBE2L3)	
  was	
  purchased	
  from	
  DNASU	
  Plasmid	
  Repository	
  and	
  cloned	
  into	
  pGEX-­‐4-­‐

T2	
   bacterial	
   expression	
   vector	
   with	
   an	
   N-­‐terminal	
   GST	
   tag	
   (BamHI	
   and	
   XhoI	
   restriction	
  

sites).	
  Cells	
  were	
  grown	
  in	
  LB	
  medium	
  at	
  37	
  0C	
  (OD600	
  of	
  0.6),	
  induced	
  using	
  IPTG	
  (0.4	
  mM),	
  

and	
   grown	
   for	
   4	
   h.	
   As	
   with	
   GST-­‐tagged	
   NleL,	
   GST-­‐tagged	
   UBE2L3	
   was	
   purified	
   by	
  

glutathione	
  sepharose	
  affinity	
  chromatography.	
   	
  The	
  GST	
   tag	
  was	
  again	
  cleaved	
   from	
  the	
  

eluted	
   protein	
   with	
   thrombin	
   protease	
   (4	
   °C,	
   16	
   h,	
   minimal	
   N-­‐terminal	
   perturbation	
   is	
  

imperative	
  for	
  chain	
  synthesis	
  activity	
  with	
  NleL)	
  and	
  the	
  protein	
  was	
  further	
  purified	
  by	
  

cation	
  exchange	
  chromatography.	
  

4.3.2	
   Thiol-­‐Ene	
   Ub	
   Chain	
   Synthesis.	
   Homotypic	
   Ub	
   chains	
   linked	
   via	
   non-­‐native	
  

isopeptide	
   bonds	
   at	
   positions-­‐6	
   or	
   48	
   were	
   synthesized	
   using	
   thiol-­‐ene	
   coupling	
   (TEC)	
  

chemistry	
  as	
  previously	
  described.37,	
  38	
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4.3.3	
  Native	
  PolyUb	
  Chain	
  Synthesis.	
  To	
  solutions	
  containing	
  reaction	
  buffer	
  A	
  (50	
  mM	
  

Tris-­‐HCl,	
  pH	
  7.4,	
  50	
  mM	
  NaCl,	
  5	
  mM	
  MgCl2,	
  0.1	
  mM	
  DTT)	
  was	
  added	
  Ub	
  (50	
  μM),	
  E1	
  (150	
  

nM),	
  E2	
  (1	
  μM	
  of	
  either	
  UBE2D3	
  or	
  UBE2L3),	
  and	
  E3	
  (0.05-­‐5	
  μM	
  of	
  either	
  NleL	
  or	
  IpaH9.8).	
  

Reactions	
  were	
  then	
  initiated	
  using	
  ATP	
  (2	
  mM)	
  and	
  allowed	
  to	
  proceed	
  at	
  37	
  0C.	
  PolyUb	
  

chain	
  formation	
  was	
  analyzed	
  by	
  SDS-­‐PAGE	
  and	
  MS	
  (see	
  below).	
  	
  

4.3.4	
   Chain	
   Elongation	
   Using	
   Thiol-­‐Ene	
   Derived	
   Ub	
   Substrates.	
   To	
   each	
   reaction	
  

mixture	
  was	
  added	
  Ub	
  oligomers	
  derived	
  from	
  thiol-­‐ene	
  chemistry	
  (50	
  μM),	
  Ub	
  (25	
  μM),	
  E1	
  

(150	
  nM),	
  UBE2D3	
  (1	
  μM),	
  and	
  NleL	
  (5	
  μM)	
  in	
  buffer	
  A.	
  ATP	
  (2	
  mM)	
  was	
  then	
  added,	
  and	
  

polymerization	
   was	
   allowed	
   to	
   occur	
   for	
   3	
   h	
   at	
   37	
   °C.	
   It	
   is	
   important	
   to	
   note	
   the	
  

concentrations	
   of	
   Ub	
   dimers	
   and	
   tetramers	
   are	
   based	
   on	
   the	
   molecular	
   weight	
   of	
   each	
  

chain.	
   By	
   contrast,	
   the	
   concentrations	
   of	
   heterogeneous	
   mixtures	
   of	
   Ub	
   oligomers	
   were	
  

measured	
  based	
  on	
  the	
  molecular	
  weight	
  of	
  a	
  single	
  Ub	
  molecule.	
  

4.3.5	
   Minimal	
   Trypsin	
   Digestion	
   of	
   Ub	
   Chains.	
   After	
   chain	
   synthesis,	
   reactions	
   were	
  

concentrated	
   and	
   exchanged	
   into	
   water	
   using	
   Amicon	
   spin	
   filters	
   [0.5mL	
   with	
   3.5	
  

kiloDalton	
   (kD)	
  molecular	
  weight	
   cutoff	
   (MWCO)].	
   The	
   enzyme/chain	
  mixture	
   (30	
   μL	
   or	
  

half	
  of	
  the	
  total	
  reaction	
  mixture)	
  was	
  digested	
  with	
  trypsin	
  (0.5	
  μg;	
  Cal	
  Biochem	
  MS	
  grade)	
  

in	
  ammonium	
  bicarbonate	
  buffer	
  at	
  37	
  °C	
  for	
  6	
  h.	
  Trypsin	
  was	
  deactivated	
  with	
  10%	
  acetic	
  

acid,	
   and	
   the	
   resulting	
   mixtures	
   were	
   dialyzed	
   into	
   water	
   (Slide-­‐A-­‐lyzer®	
   MINI	
   dialysis	
  

units,	
  3.5	
  kD	
  MWCO)	
  to	
  remove	
  small	
  peptides	
  arising	
  from	
  conjugating	
  enzymes.	
  

4.3.6	
  Middle-­‐Down	
  Mass	
  Spectrometry	
  Analysis.	
  Samples	
  were	
  dissolved	
  in	
  a	
  solution	
  of	
  

water/acetonitrile/acetic	
   acid	
   (45:45:10)	
   and	
   injected	
   into	
   a	
   7T	
   linear	
   ion	
   trap/Fourier	
  

transform	
   ion	
   cyclotron	
   resonance	
   (LTQ/FT-­‐ICR)	
   hybrid	
   mass	
   spectrometer	
   (Thermo	
  

Scientific	
  Inc.,	
  Bremen,	
  Germany)	
  equipped	
  with	
  an	
  automated	
  chip-­‐based	
  nanoESI	
  source	
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(Triversa	
   NanoMate,	
   Advion	
   BioSciences,	
   Ithaca,	
   NY)	
   as	
   described	
   previously.39-­‐41	
   The	
  

resolving	
  power	
  of	
  the	
  FT-­‐ICR	
  mass	
  analyzer	
  was	
  set	
  at	
  100,000.	
  All	
  FT-­‐ICR	
  spectra	
  were	
  

processed	
  with	
  in-­‐house	
  software	
  (MASH	
  Suite	
  42)	
  using	
  a	
  signal	
  to	
  noise	
  threshold	
  of	
  3	
  and	
  

fit	
  factor	
  of	
  60%,	
  and	
  then	
  validated	
  manually.	
  

4.3.7	
  Electron	
  Capture	
  Dissociation	
  (ECD)	
  Analysis	
  of	
  Ub	
  Chain	
  Linkages.	
  For	
  tandem	
  

mass	
   spectrometry	
   (MS/MS)	
   experiments	
   using	
   ECD,	
   individual	
   charge	
   states	
   of	
   protein	
  

molecular	
   ions	
   were	
   first	
   isolated.	
   Then,	
   the	
   ions	
   were	
   dissociated	
   by	
   ECD	
   using	
   3-­‐4%	
  

“electron	
   energy”	
   and	
   a	
   70	
   ms	
   duration	
   with	
   a	
   65	
   μs	
   delay.	
   All	
   FT-­‐ICR	
   spectra	
   were	
  

processed	
  with	
  the	
  MASH	
  software	
  suite	
  using	
  a	
  signal	
  to	
  noise	
  threshold	
  of	
  3	
  and	
  fit	
  factor	
  

of	
  60%,	
  and	
  then	
  validated	
  manually.	
  The	
  resulting	
  mass	
  lists	
  were	
  further	
  assigned	
  based	
  

on	
   the	
   protein	
   sequence	
   of	
   Ub	
  with	
   or	
  without	
   the	
   di-­‐glycine	
   (GG)	
  modification	
   at	
   each	
  

lysine	
   residue	
   using	
   a	
   10	
   and	
   20	
   ppm	
   tolerance	
   for	
   precursor	
   and	
   fragment	
   ions,	
  

respectively.	
  All	
  reported	
  calculated	
  (Calc’d)	
  and	
  experimental	
  (Expt’l)	
  values	
  correspond	
  

to	
  the	
  most	
  abundant	
  molecular	
  weights.	
  	
  

4.3.8	
   Bottom	
   up	
   Mass	
   Spectroscopy	
   Analyses	
   of	
   Ubiquitin	
   Linkages	
   Formed	
   by	
  

Bacterial	
  E3	
  Ligase	
  IpaH9.8	
  

“In	
   gel”	
   digestion	
   and	
   mass	
   spectrometric	
   analysis	
   was	
   performed	
   at	
   the	
   Mass	
  

Spectrometry	
   Facility	
   [Biotechnology	
   Center,	
   University	
   of	
   Wisconsin-­‐Madison].	
   The	
  

digestion	
   was	
   performed	
   as	
   outlined	
   on	
   the	
   website:	
  

http://www.biotech.wisc.edu/ServicesResearch/MassSpec/ingel.htm.	
  Ub	
  oligomer	
  digests	
  

were	
   purified	
   using	
   OMIX	
   C18	
   SPE	
   cartridges	
   (Agilent,	
   Palo	
   Alto,	
   CA)	
   according	
   to	
   the	
  

manufacturer’s	
   protocol	
   and	
   eluted	
   in	
   25µl	
   of	
   60/40/0.1%	
   ACN/H2O/TFA,	
   dried	
   to	
  

completion	
   in	
   the	
   speed-­‐vac,	
   and	
   finally	
   reconstituted	
   in	
   20µl	
   of	
   0.05%	
   TFA	
   in	
   H2O.	
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Peptides	
   were	
   analyzed	
   by	
   nanoLC-­‐MS/MS	
   using	
   an	
   Agilent	
   1100	
   nanoflow	
   system	
  

(Agilent,	
  Palo	
  Alto,	
  CA)	
  connected	
  to	
  a	
  hybrid	
   linear	
   ion	
  trap-­‐orbitrap	
  mass	
  spectrometer	
  

(LTQ-­‐Orbitrap	
   XL,	
   Thermo	
   Fisher	
   Scientific,	
   Bremen,	
   Germany)	
   equipped	
   with	
   a	
  

nanoelectrospray	
  ion	
  source.	
  	
  Chromatography	
  of	
  peptides	
  was	
  accomplished	
  prior	
  to	
  mass	
  

spectral	
  analysis	
  using	
  a	
  capillary	
  emitter	
  column	
  (in-­‐house	
  packed	
  with	
  MAGIC	
  C18,	
  3	
  µM,	
  

150x0.075mm,	
   Michrom	
   Bioresources,	
   Inc.)	
   onto	
   which	
   4µl	
   of	
   extracted	
   peptides	
   was	
  

automatically	
  loaded.	
  The	
  NanoHPLC	
  system	
  delivered	
  solvents	
  A:	
  0.1%	
  (v/v)	
  formic	
  acid	
  

in	
  water,	
  and	
  B:	
  95%	
  (v/v)	
  acetonitrile,	
  0.1%	
  (v/v)	
  formic	
  acid	
  at	
  either	
  0.5	
  µL/min,	
  to	
  load	
  

sample,	
   or	
   0.20	
   µL/min,	
   to	
   elute	
   peptides	
   directly	
   into	
   the	
   nano-­‐electrospray	
   over	
   a	
   60	
  

minutes	
  1%	
  (v/v)	
  B	
  to	
  60%	
  (v/v)	
  B	
  followed	
  by	
  10	
  minute	
  60%	
  (v/v)	
  B	
  to	
  100%	
  (v/v)	
  B	
  

gradient.	
  As	
  peptides	
  eluted	
  from	
  the	
  HPLC-­‐column/electrospray	
  source	
  survey	
  MS	
  scans	
  

were	
   acquired	
   in	
   the	
   Orbitrap	
   with	
   a	
   resolution	
   of	
   100,000	
   and	
   up	
   to	
   5	
   most	
   intense	
  

peptides	
  per	
  scan	
  were	
  fragmented	
  and	
  detected	
  in	
  the	
  ion	
  trap	
  over	
  the	
  300	
  to	
  2000	
  m/z;	
  

redundancy	
  was	
  limited	
  by	
  dynamic	
  exclusion.	
  Raw	
  MS/MS	
  data	
  were	
  converted	
  to	
  Mascot	
  

generic	
   format	
   (mgf)	
   using	
   Trans	
   Proteomic	
   Pipeline	
   (Seattle	
   Proteome	
   Center,	
   Seattle,	
  

WA).	
   	
   Resulting	
   mgf	
   files	
   were	
   used	
   to	
   search	
   against	
   forward/reverse	
   Uniprot	
   human	
  

database	
   concatenated	
  with	
   a	
   list	
   of	
   common	
   contaminants	
   (70,133	
   entries).	
  Methionine	
  

oxidation,	
  asparagine/glutamine	
  deamidation,	
  lysine	
  ubiquitination,	
  and	
  cysteine	
  modified	
  

with	
   BFA	
  were	
   selected	
   as	
   variable	
  modifications.	
   Peptide	
  mass	
   tolerance	
  was	
   set	
   at	
   20	
  

ppm	
   and	
   fragment	
   mass	
   at	
   0.8	
   Da.	
   Due	
   to	
   low	
   number	
   of	
   protein	
   entries	
   for	
   statistical	
  

determination	
  of	
  significance	
  in	
  peptide	
  matches,	
  all	
  relevant	
  hits	
  were	
  manually	
  reviewed.	
  

Furthermore	
   all	
   of	
   the	
   predicted	
   ubiquitinated	
   peptides	
   were	
   manually	
   investigated	
   to	
  

confirm	
   proper	
   residue	
   assignment.	
   Additional	
   level	
   of	
   confidence	
   in	
   identification	
   and	
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spectral	
   annotation	
   was	
   done	
   with	
   help	
   of	
   Scaffold	
   software	
   (version	
   4.0.4,	
   Proteome	
  

Software	
  Inc.,	
  Portland,	
  OR).	
  	
  

	
  

	
  

4.4	
  RESULTS	
  

Middle-­‐Down	
   Analysis	
   of	
   Branched	
   PolyUb	
   Chains.	
   Under	
   conditions	
   in	
   which	
   Ub	
   is	
  

completely	
  folded,	
  trypsin	
  only	
  cleaves	
  the	
  peptide	
  bond	
  between	
  arginine-­‐74	
  and	
  glycine-­‐

75,	
   thereby	
   releasing	
   the	
   C-­‐terminal	
   diglycine	
   (GG)	
   motif.43	
   By	
   exploiting	
   the	
   minimal	
  

trypsinolysis	
   of	
  Ub,	
  we	
   reasoned	
  middle-­‐down	
  MS	
   could	
   be	
   employed	
   to	
   unambiguously	
  

characterize	
   the	
  presence	
  of	
  branching	
  within	
  polyUb	
  chains.	
  The	
  general	
  concept	
   is	
   that	
  

minimal	
   trypsinolysis	
   furnishes	
  Ub1-­‐74	
  monomers	
   still	
   harboring	
   a	
  GG	
  motif	
   at	
   any	
   lysine	
  

previously	
  engaged	
  in	
  the	
  formation	
  of	
  a	
  chain.	
  Since	
  chain	
  branching	
  involves	
  the	
  addition	
  

of	
  multiple	
  Ub	
  molecules	
  to	
  a	
  single	
  Ub	
  subunit,	
  minimal	
  trypsinolysis	
  should	
  then	
  afford	
  a	
  

Ub1-­‐74	
  derivative	
  harboring	
   two	
  or	
  more	
  GG	
  motifs	
   tethered	
   to	
   specific	
   lysine	
   residues.	
   If	
  

there	
  is	
  chain	
  branching,	
  we	
  would	
  expect	
  to	
  observe	
  at	
  least	
  three	
  distinct	
  species	
  by	
  MS:	
  

Ub1-­‐74,	
  arising	
  from	
  chain	
  caps/unpolymerized	
  Ub	
  (Calc’d:	
  8450.57	
  Da);	
  Ub1-­‐74	
  with	
  a	
  single	
  

GG	
  motif	
  (GG-­‐Ub1-­‐74,	
  Calc’d:	
  8564.62	
  Da),	
  resulting	
  from	
  the	
  linear	
  portion	
  of	
  the	
  chain;	
  and	
  

Ub1-­‐74	
  with	
   two	
  GG	
  motifs	
   (2xGG-­‐Ub1-­‐74,	
   Calc’d:	
   8678.66	
  Da),	
   originating	
   from	
   the	
  branch	
  

point	
  of	
  the	
  chain	
  (Figure	
  4.2).	
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Figure	
   4.2.	
  Minimal	
   trypsinolysis	
   of	
   substrates	
  modified	
  with	
  polyUb	
   chains	
   of	
   different	
  
topology.	
  What	
  differentiates	
  the	
  formation	
  of	
   linear	
  and	
  branched	
  chains	
  is	
  the	
  presence	
  
of	
   a	
   Ub1-­‐74	
   derivative	
   harboring	
   a	
   single	
   GG	
   motif	
   (linear;	
   GG-­‐Ub1-­‐74)	
   or	
   two	
   GG	
   motifs	
  
(branched;	
  2xGG-­‐Ub1-­‐74).	
  	
  
	
  
	
  

	
   To	
   determine	
   whether	
   middle-­‐down	
   MS	
   could	
   be	
   used	
   to	
   detect	
   branched	
  

conjugates,	
   we	
   examined	
   polyUb	
   chain	
   formation	
   by	
   the	
   E3	
   ligase	
   NleL	
   from	
   EHEC	
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O157:H7.	
   NleL	
   is	
   composed	
   of	
   an	
   N-­‐terminal	
   unstructured	
   region	
   (residues	
   1-­‐169),	
   a	
  

pentapeptide	
  repeat	
  domain	
  (residues	
  170-­‐370),	
  and	
  a	
  catalytic	
  HECT-­‐like	
  domain	
  (HECT;	
  

homologous	
   to	
   E6AP	
   C-­‐terminus)	
   with	
   a	
   conserved	
   cysteine	
   residue	
   (C753)	
   at	
   the	
   C-­‐

terminus.	
   Previous	
   studies	
   with	
   NleL	
   have	
   shown	
   that	
   residues	
   170	
   to	
   782	
   comprise	
   a	
  

catalytically	
  active	
  E3	
  ligase	
  capable	
  of	
  assembling	
  both	
  unanchored/free	
  polyUb	
  chains	
  as	
  

well	
  as	
  chains	
  anchored	
  to	
  itself	
  through	
  a	
  process	
  referred	
  to	
  as	
  autoubiquitylation.31,	
  33	
  In	
  

accordance,	
   the	
   addition	
   of	
  NleL170-­‐782	
  to	
   reaction	
  mixtures	
   containing	
   human	
  E1,	
   the	
   E2	
  

UBE2D3	
  or	
  UBE2L3,	
  ATP,	
  and	
  Ub,	
  resulted	
  in	
  the	
  formation	
  of	
  polyUb	
  chains	
  (Figure	
  4.3A).	
  

To	
   characterize	
   the	
   topology	
  of	
   these	
   chains,	
  minimal	
   trypsinolysis	
  was	
  performed	
   in	
   an	
  

ammonium	
  bicarbonate	
  buffer	
  to	
  maintain	
  Ub	
  in	
  a	
  native,	
  folded	
  state.	
  Initial	
  experiments	
  

focused	
  on	
  determining	
  the	
  amount	
  of	
  trypsin	
  required	
  to	
  completely	
  disassemble	
  chains	
  

into	
   Ub1-­‐74	
   fragments.	
   Using	
   a	
   trypsin	
   concentration	
   of	
   12.5	
   μg/mL	
   and	
   an	
   enzyme-­‐to-­‐

substrate	
  ratio	
  of	
  approximately	
  1:1,	
  chains	
  were	
  completely	
  digested	
  within	
  5	
  h	
  as	
  judged	
  

by	
  SDS-­‐PAGE	
  (Figure	
  4.10).	
  The	
  resulting	
  Ub1-­‐74	
  derivatives	
  were	
  then	
  analyzed	
  using	
  a	
  FT-­‐

ICR	
   MS.	
   Although	
   Ub	
   species	
   were	
   detected,	
   low	
  molecular	
   weight	
   peptides	
   from	
   other	
  

proteins	
  in	
  the	
  reaction	
  mixture	
  dominated	
  the	
  spectra.	
  This	
  was	
  not	
  entirely	
  unexpected	
  

considering	
  that,	
  unlike	
  peptides,	
  the	
  concentration	
  of	
  intact	
  proteins	
  is	
  typically	
  diluted	
  by	
  

isotopic	
   distributions	
   and	
   the	
   presence	
   of	
   multiple	
   charge	
   states.44	
   To	
   eliminate	
   signals	
  

arising	
   from	
   peptides,	
   a	
   post-­‐digest	
   dialysis	
   step	
   was	
   incorporated	
   into	
   the	
   workflow	
  

(Figure	
  4.11).	
  This	
  led	
  to	
  the	
  detection	
  of	
  all	
  three	
  Ub1-­‐74	
  species	
  (Figure	
  4.3B).	
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Figure	
   4.3.	
   Middle-­‐down	
   MS	
   analysis	
   of	
   NleL-­‐catalyzed	
   reactions	
   A.	
   Generation	
   of	
  
unanchored	
   and	
   NleL-­‐anchored	
   polyUb	
   chains	
   using	
   two	
   different	
   E2s:	
   UBE2D3	
   and	
  
UBE2L3.	
  B.	
  FT-­‐ICR	
  MS	
  analysis	
  of	
  NleL-­‐catalyzed	
  reactions	
  after	
  minimal	
  trypsinolysis	
  with	
  
UBE2D3	
   as	
   the	
   E2.	
   The	
   spectra	
   correspond	
   to	
   the	
   Ub8+	
   charge	
   state.	
   The	
   top	
   spectrum	
  
shows	
   all	
   three	
   Ub1-­‐74	
   species	
   after	
   restricted	
   trypsin	
   digestion.	
   The	
   middle	
   spectrum	
  
displays	
  the	
  isolated	
  GG-­‐Ub1-­‐74	
  M8+	
  parent	
  ion	
  and	
  the	
  bottom	
  spectrum	
  shows	
  the	
  isolated	
  
2xGG-­‐Ub1-­‐74	
  M8+	
  parent	
  ion.	
  	
  
	
  
	
  

Next,	
  we	
  sought	
  to	
  confirm	
  that	
  2xGG-­‐Ub1-­‐74	
  was	
  generated	
  from	
  a	
  branch	
  point.	
  We	
  

first	
   tested	
  whether	
   there	
  was	
   a	
   correlation	
   between	
   the	
   concentration	
   of	
   NleL	
   and	
   the	
  

levels	
   of	
   2xGG-­‐Ub1-­‐74.	
   Changing	
   the	
   concentration	
   of	
   NleL	
   from	
   50	
   nM	
   to	
   5	
   μM	
   was	
  

commensurate	
  with	
   an	
   increase	
   in	
   the	
   peak	
   intensity	
   of	
   both	
   2xGG-­‐Ub1-­‐74	
  and	
   GG-­‐Ub1-­‐74	
  

(Figure	
  4.4A),	
  indicating	
  the	
  presence	
  of	
  these	
  Ub	
  species	
  is	
  directly	
  related	
  to	
  the	
  catalytic	
  

activity	
  of	
  NleL.	
  Analysis	
  of	
  minimally	
  digested	
  wild	
  type	
  Ub	
  supported	
  this	
  conclusion,	
  as	
  

signals	
  corresponding	
  to	
  2xGG-­‐Ub1-­‐74	
  and	
  GG-­‐Ub1-­‐74	
  were	
  absent	
  in	
  the	
  MS	
  spectra	
  (Figure	
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4.4B).	
   Because	
   the	
   2xGG-­‐Ub1-­‐74	
  signal	
   could	
   also	
   reflect	
   a	
   Ub	
   derivative	
   in	
  which	
   the	
   GG	
  

motif	
  is	
  not	
  removed	
  from	
  the	
  C-­‐terminal,	
  i.e.,	
  proximal,	
  subunit	
  of	
  an	
  unanchored	
  polyUb	
  

chain	
   but	
   is	
   cleaved	
   from	
   the	
   adjoining	
  Ub,	
  we	
  wanted	
   to	
   evaluate	
  minimal	
   digestion	
   of	
  

different	
   linear	
   chains.	
   Previously,	
   our	
   lab	
   has	
   shown	
   that	
   a	
   bifunctional	
   Ub	
   derivative	
  

harboring	
  both	
   a	
   cysteine	
   in	
   lieu	
   of	
   a	
   specific	
   lysine	
   residue	
   and	
   a	
   C-­‐terminal	
   allylamine	
  

adduct	
  could	
  be	
  polymerized	
  using	
   thiol-­‐ene	
  coupling	
  chemistry	
   to	
   furnish	
  single	
   linkage	
  

polyUb	
   chains	
   of	
   varying	
   length	
   that	
   functionally	
  mimic	
   native	
   oligomers.	
   37,	
  38	
   Thus,	
  we	
  

assembled	
   homotypic	
   6-­‐	
   and	
   48-­‐linked	
   polyUb	
   chains	
   using	
   thiol-­‐ene	
   chemistry	
   and	
  

subjected	
   these	
   polymers	
   to	
   restricted	
   digestion	
   conditions.	
   FT-­‐ICR	
   analysis	
   of	
   the	
  

resulting	
   Ub1-­‐74	
  derivatives	
   showed	
   that	
   2xGG-­‐Ub1-­‐74	
  is	
   absent	
  (Figure	
   4.4C).	
   These	
   data	
  

indicate	
   that	
  within	
   a	
   complex	
  mixture	
   of	
   homotypic	
   polyUb	
   chains	
   the	
  GG	
  motif	
   on	
   the	
  

proximal	
  subunit	
  is	
  always	
  removed	
  by	
  trypsin.	
  Collectively,	
  these	
  results	
  demonstrate	
  that	
  

middle-­‐down	
   MS	
   can	
   be	
   used	
   to	
   characterize	
   the	
   presence	
   of	
   branched	
   polyUb	
   chains.	
  

	
  

Figure	
  4.4.	
  Formation	
  of	
  branch	
  points	
  under	
  different	
  conditions.	
  A.	
  Generation	
  of	
  2xGG-­‐
Ub1-­‐74	
   and	
  GG-­‐Ub1-­‐74	
  as	
   a	
   function	
  of	
  NleL	
   concentration.	
  Reactions	
  were	
  performed	
  with	
  
three	
  different	
  concentrations	
  of	
  NleL	
  and	
  subsequently	
  digested	
  with	
  trypsin.	
  FT-­‐ICR	
  MS	
  
shows	
  that	
  each	
  Ub1-­‐74	
  species	
  can	
  be	
  detected	
  at	
  all	
   three	
  NleL	
  concentrations.	
  B.	
  FT-­‐ICR	
  
MS	
  analysis	
  of	
  minimal	
  trypsin	
  digests	
  of	
  wild	
  type	
  Ub	
  (top	
  spectrum)	
  and	
  NleL-­‐catalyzed	
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polyUb	
  chain	
  formation	
  (bottom	
  spectrum).	
  GG-­‐modified	
  Ub1-­‐74	
  is	
  only	
  present	
  in	
  reactions	
  
with	
  NleL.	
  C.	
  Homotypic	
  6-­‐	
  and	
  48-­‐linked	
  polyUb	
  chains	
  of	
  varying	
  length	
  were	
  assembled	
  
using	
   thiol-­‐ene	
   coupling	
   and	
   subsequently	
   digested	
   with	
   trypsin.	
   FT-­‐ICR	
   MS	
   shows	
   the	
  
presence	
   of	
   Ub1-­‐74	
   and	
   GG-­‐Ub1-­‐74,	
   but	
   not	
   2xGG-­‐Ub1-­‐74	
   in	
   the	
   spectrum	
   for	
   both	
   6-­‐	
   (top	
  
spectrum)	
  and	
  48-­‐linked	
   (bottom	
  spectrum)	
  polyUb	
  chains.	
  The	
   red	
  box	
   indicates	
  where	
  
the	
  signal	
  for	
  2xGG-­‐Ub1-­‐74	
  should	
  be.	
  	
  
	
  

	
  

	
  

Identification	
  of	
  Modified	
  Lysine	
  Residues	
  by	
  ECD.	
  To	
  identify	
  residues	
  of	
  2xGG-­‐Ub1-­‐74	
  

modified	
   with	
   Ub	
   GG	
   motifs,	
   we	
   used	
   electron	
   capture	
   dissociation	
   (ECD)45	
   to	
   induce	
  

protein	
  fragmentation,	
  resulting	
  in	
  the	
  cleavage	
  of	
  N-­‐Cα	
  bonds	
  and	
  the	
  formation	
  of	
  c-­‐	
  and	
  

z•-­‐type	
   ions.	
   Analysis	
   of	
   the	
   fragments	
   then	
   informs	
   on	
   the	
   exact	
   residues	
  modified	
  with	
  

GG.	
   	
  In	
   the	
   case	
   of	
   the	
   2xGG-­‐Ub1-­‐74	
   species,	
   the	
   M8+	
   charge	
   state	
   was	
   isolated	
   and	
  

fragmented	
  by	
  ECD,	
  resulting	
  in	
  19	
  c	
   ions	
  and	
  25	
  z•	
   ions	
  with	
  a	
  total	
  of	
  35	
  out	
  of	
  73	
  bond	
  

cleavages	
   (Figure	
   4.5B).	
   The	
   fragmentation	
   patterns	
   around	
  K6	
   and	
  K48	
   unambiguously	
  

confirmed	
  the	
  presence	
  of	
  isopeptide	
  linkages	
  at	
  these	
  positions	
  (Figure	
  4.5A,	
  Figure	
  4.14).	
  

ECD	
   analysis	
   was	
   also	
   performed	
   on	
   the	
   M8+	
   charge	
   state	
   of	
   GG-­‐Ub1-­‐74	
   and	
   the	
  

fragmentation	
   pattern	
   showed	
   the	
   GG	
   modification	
   largely	
   resides	
   on	
   K6	
   (Figure	
   4.13).	
  

These	
   results	
   are	
   consistent	
   with	
   previous	
   reports	
   in	
   that	
   NleL	
   assembles	
   K6-­‐linked	
  

polymers	
  with	
  greater	
  efficiency	
  than	
  it	
  generates	
  K48	
  linkages.	
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Figure	
   4.5.	
  ECD	
  analysis	
  of	
  2xGG-­‐Ub1-­‐74	
  generated	
   from	
  NleL-­‐catalyzed	
  reactions.	
  A.	
  ECD	
  
fragments	
  of	
  2xGG-­‐Ub1-­‐74	
  containing	
  modified	
   lysines	
  (red	
  K=	
   lysine	
  harboring	
  GG	
  motif).	
  
Circles	
   represent	
   theoretical	
   isotopic	
   abundance	
   distribution	
   of	
   the	
   isotopomer	
   peaks.	
  
Calc’d:	
   calculated	
   most	
   abundant	
   molecular	
   weight.	
   Expt’l:	
   experimental	
   most	
   abundant	
  
molecular	
   weight.	
   B.	
   Observable	
   ECD	
   fragments	
   (c	
   and	
   z•	
   ions)	
   containing	
   GG-­‐modified	
  
lysines	
  at	
  positions	
  6	
  and	
  48.	
  
	
  

	
  

Branching	
   Depends	
   on	
   Chain	
   Length.	
  With	
   a	
   characterization	
  method	
   established,	
  we	
  

wanted	
   to	
  gain	
  more	
   insight	
   into	
   the	
   formation	
  of	
  branched	
  polyUb	
  chains.	
  We	
  reasoned	
  

that	
  since	
  the	
  Ub	
  sequence	
  remains	
  largely	
  the	
  same	
  between	
  Ub1-­‐74,	
  GG-­‐Ub1-­‐74,	
  and	
  2xGG-­‐

Ub1-­‐74,	
  the	
  effect	
  of	
  the	
  GG	
  motif	
  on	
  ionization	
  efficiency	
  should	
  be	
  negligible.	
   	
  As	
  a	
  result,	
  

FT-­‐ICR	
  MS	
  could	
  be	
  used	
  to	
  measure	
  the	
  relative	
  ratios	
  of	
  Ub1-­‐74,	
  GG-­‐Ub1-­‐74,	
  and	
  2xGG-­‐Ub1-­‐
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74	
  and	
  monitor	
   the	
   formation	
  of	
   branch	
  points	
   over	
   time.	
   Indeed,	
   a	
   similar	
   approach	
  has	
  

been	
  used	
  to	
  calculate	
  the	
  ratio	
  of	
  Ub1-­‐74	
  and	
  GG-­‐Ub1-­‐74	
  in	
  order	
  to	
  inform	
  on	
  the	
  length	
  of	
  

homotypic	
   polyUb	
   chains	
   23.	
   To	
   ensure	
   this	
   strategy	
   would	
   be	
   suitable	
   for	
   relative	
  

quantitation,	
  signal	
  ratios	
  were	
  measured	
  over	
  a	
  range	
  of	
  charge	
  states	
  (Figure	
  4.15)	
  from	
  

Ub+8	
  to	
  Ub+12;	
  in	
  each	
  case	
  the	
  ratios	
  remained	
  invariant.	
  

	
   Using	
   ratios	
   of	
   different	
   Ub1-­‐74	
   signals,	
   the	
   extent	
   of	
   chain	
   branching	
   was	
   then	
  

examined.	
   E3	
   ligases	
   catalyze	
   polyUb	
   formation	
   via	
   a	
   step-­‐growth	
   mechanism	
   in	
   which	
  

individual	
  Ub	
  subunits	
  are	
  sequentially	
  added	
  to	
  the	
  growing	
  chain.31,	
  46,	
  47	
  According	
  to	
  this	
  

mechanism,	
  the	
  product	
  distribution	
  should	
  be	
  composed	
  of	
  low	
  molecular	
  conjugates	
  such	
  

as	
   dimers,	
   trimers,	
   etc.,	
   at	
   early	
   time	
   points.	
   As	
   the	
   reaction	
   proceeds,	
   the	
   distribution	
  

should	
  shift	
  to	
  high	
  molecular	
  weight	
  species,	
  increasing	
  the	
  number	
  of	
  lysine	
  residues	
  in	
  

each	
   chain	
   that	
   can	
   serve	
   as	
   acceptors	
   for	
   another	
   Ub.	
   Accordingly,	
   the	
   probability	
   of	
  

building	
  a	
  branched	
  chain	
  depends	
  on	
  the	
  length	
  of	
  the	
  polyUb	
  chain	
  because	
  the	
  internal	
  

acceptor	
  sites	
  outnumber	
  the	
  sites	
  at	
  the	
  end	
  of	
  the	
  chain	
  as	
  the	
  chain	
  gets	
  longer.	
  To	
  test	
  

this,	
  the	
  population	
  of	
  branch	
  points	
  was	
  evaluated	
  at	
  different	
  times	
  in	
  chain	
  formation.	
  At	
  

each	
   time	
  point,	
   signal	
   intensities	
  were	
  measured	
  and	
  divided	
  by	
   the	
   total	
   population	
   to	
  

arrive	
   at	
   the	
   amount	
   of	
   individual	
   Ub1-­‐74	
   derivatives.	
   With	
   UBE2D3	
   as	
   the	
   E2	
   partner,	
  

approximately	
   3	
   %	
   of	
   the	
   total	
   chain	
   population	
   (GG-­‐Ub1-­‐74	
   +	
   2xGG-­‐Ub1-­‐74)	
   contains	
   a	
  

branch	
   point	
   at	
   the	
   onset	
   of	
   the	
   reaction	
   (Figure	
   4.6A).	
   As	
   the	
   reaction	
   progresses	
   the	
  

amount	
   of	
   branching	
   doubles,	
   reaching	
   7	
  %	
  of	
   the	
   total	
   chain	
   population	
   by	
   4	
   h	
   (Figure	
  

4.6A.)	
   Additional	
   branch	
   points	
   were	
   not	
   formed	
   after	
   allowing	
   the	
   reaction	
   to	
   proceed	
  

overnight.	
   SDS-­‐PAGE	
   analysis	
   showed	
   that	
   the	
   polyUb	
   chain	
   population	
   is	
   largely	
  

composed	
   of	
   dimers,	
   trimers,	
   and	
   tetramers	
   at	
   0.5	
   h	
   (Figure	
   4.3A).	
   However,	
   by	
   4	
   h	
   a	
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significant	
  proportion	
  of	
  the	
  chains	
  exist	
  as	
  high	
  molecular	
  weight	
  species.	
  Using	
  UBE2L3	
  

as	
  the	
  E2,	
   the	
  formation	
  of	
  polyUb	
  chains	
  appeared	
  faster	
  during	
  the	
   initial	
  phases	
  of	
  the	
  

reaction	
  relative	
  to	
  polymerizations	
  conducted	
  with	
  UBE2D3	
  (Figure	
  4.6B).	
  For	
  instance,	
  at	
  

0.5	
   h,	
   ~30	
   %	
   of	
   the	
   Ub1-­‐74	
   derivatives	
   are	
   composed	
   of	
   GG-­‐Ub1-­‐74	
   and	
   2xGG-­‐Ub1-­‐74	
  

compared	
  to	
  only	
  20	
  %	
  with	
  UBE2D3	
  (Figure	
  4.6C).	
  There	
   is	
  also	
  a	
  slight	
   increase	
   in	
   the	
  

total	
  amount	
  of	
  branch	
  points	
  with	
  UBE2L3,	
  as	
  2xGG-­‐Ub1-­‐74	
  represents	
  10	
  %	
  of	
  the	
  chains	
  

by	
  4	
  h.	
  These	
   results	
   suggest	
   a	
   combination	
  of	
  UBE2L3-­‐NleL	
  affords	
   a	
  more	
  active	
   chain	
  

assembly	
   complex	
   than	
   UBE2D3-­‐NleL.	
   Consistent	
   with	
   this	
   notion,	
   SDS-­‐PAGE	
   analysis	
  

showed	
  that	
  with	
  UBE2L3	
  dimers	
  and	
  trimers	
  are	
  almost	
  completely	
  consumed	
  after	
  4	
  h,	
  

whereas	
  with	
  UBE2D3	
  short	
  oligomers	
  persist	
  at	
  longer	
  incubation	
  times	
  (Figure	
  4.3A).	
  	
  



	
  

	
  

114	
  

	
  



	
  

	
  

115	
  

Figure	
   4.6.	
   Dynamics	
   of	
   branched	
   chain	
   formation	
   using	
   FT-­‐ICR	
   to	
   analyze	
   minimally	
  
digested	
  polyUb	
  chains	
  formed	
  by	
  NleL	
  (0.5	
  uM)	
  over	
  time.	
  A.	
  Time	
  course	
  analysis	
  of	
  NleL-­‐
catalyzed	
   reactions	
   with	
   UBE2D3	
   (1uM)	
   as	
   the	
   E2.	
   	
   Percentages	
   are	
   based	
   on	
   the	
   total	
  
population	
  of	
  Ub1-­‐74	
  derivatives.	
  B.	
  Time	
  course	
  analysis	
  of	
  NleL-­‐catalyzed	
  reactions	
  with	
  
UBE2L3	
  (1uM)	
  as	
  the	
  E2.	
   	
  C.	
  Ratio	
  of	
  branch	
  point	
  (2xGG-­‐Ub1-­‐74)	
   to	
   linear	
  (GG-­‐Ub1-­‐74)	
  Ub	
  
over	
  time	
  with	
  UBE2D3	
  and	
  UBE2L3.	
  
	
  

	
   To	
   provide	
   additional	
   support	
   for	
   a	
  model	
   in	
   which	
   branching	
   depends	
   on	
   chain	
  

length,	
  we	
  assessed	
  the	
  ability	
  of	
  NleL	
  to	
  extend	
  unanchored	
  polyUb	
  chains.	
  Since	
  NleL	
  is	
  

related	
  to	
  the	
  HECT	
  family	
  of	
  human	
  E3	
  ligases	
  and	
  members	
  of	
  this	
  family	
  of	
  enzymes	
  are	
  

capable	
   of	
   binding	
   and	
   elongating	
   free	
   polyUb	
   chains,48,	
  49	
   we	
   surmised	
   NleL	
  might	
   also	
  

interact	
   with	
   and	
   modify	
   well-­‐defined	
   6-­‐	
   and	
   48-­‐linked	
   oligomers.	
   To	
   evaluate	
   this	
  

possibility,	
  we	
  again	
  employed	
  homotypic	
  polyUb	
  chains	
  derived	
   from	
  thiol-­‐ene	
  coupling	
  

chemistry	
  (Figure	
  4.7A).37,	
  38	
  These	
  chains	
  contain	
  cysteine	
  residues	
  in	
  the	
  distal	
  subunits,	
  

which	
  block	
  extension	
  in	
  the	
  form	
  of	
  homotypic	
  chains	
  and	
  allow	
  us	
  to	
  assess	
  the	
  ability	
  of	
  

NleL	
   to	
   exclusively	
   catalyze	
   the	
   formation	
   of	
   linear	
   or	
   branched	
   heterotypic	
   chains	
   as	
   a	
  

function	
   of	
   chain	
   length.	
   The	
   thiol-­‐ene-­‐derived	
   chains	
   are	
   also	
   composed	
   of	
   a	
   proximal	
  

subunit	
   bearing	
   a	
   C-­‐terminal	
   allylamine	
   adduct,	
   which	
   prevents	
   activation	
   by	
   E1	
   and	
  

subsequent	
  transfer	
  to	
  E2	
  and	
  NleL.	
  Thus,	
  thiol-­‐ene	
  derived	
  chains	
  can	
  only	
  be	
  modified	
  if	
  

(i)	
  Ub	
  is	
  also	
  present	
   in	
  the	
  reaction	
  mixture	
  and	
  NleL	
  catalyzes	
  the	
  transfer	
  of	
  Ub	
  to	
  the	
  

synthetic	
  chains,	
  or	
  (ii)	
  the	
  allylamine	
  moiety	
  has	
  been	
  removed	
  from	
  the	
  C-­‐terminus	
  using	
  

the	
   yeast	
   Ub	
   C-­‐terminal	
   hydrolase	
   Yuh137,	
  38,	
  50	
   and	
   NleL	
   transfers	
   a	
   preformed	
   chain	
   to	
  

another	
  chain.51	
  As	
  evidenced	
  by	
  a	
  new	
  peak	
  indicative	
  of	
  a	
  branch	
  point	
  (Calc’d:	
  8710.83	
  

Da),	
  NleL	
  catalyzes	
  the	
  modification	
  of	
  allylamine-­‐capped,	
  48-­‐linked	
  Ub	
  dimers	
  only	
  in	
  the	
  

presence	
  of	
  free	
  Ub	
  (Figure	
  4.7B).	
  With	
  allylamine	
  removed,	
  the	
  addition	
  of	
  free	
  Ub	
  is	
  not	
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required	
   for	
   heterotypic	
   chain	
   formation,	
   indicating	
   that	
   48-­‐linked	
   dimers	
   are	
   shuttled	
  

from	
  E1	
  to	
  E2	
  and	
  finally	
  to	
  the	
  active	
  site	
  cysteine	
  of	
  NleL.	
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Figure	
   4.7.	
  Extension	
  of	
  preformed	
  48-­‐linked	
  Ub	
  dimers	
  using	
  NleL.	
  A.	
  Reaction	
  scheme	
  
depicting	
  the	
  modification	
  of	
  48-­‐linked	
  dimers	
  along	
  with	
  the	
  subsequent	
  trypsin	
  digestion.	
  
B.	
  FT-­‐ICR	
  MS	
  analysis	
  of	
  NleL-­‐catalyzed	
  extension	
  reactions.	
  The	
  resulting	
  branched	
  chains	
  
are	
  shown	
  in	
  red.	
  Preformed	
  dimers	
  either	
  retained	
  the	
  allylamine	
  moiety	
  from	
  the	
  thiol-­‐
ene	
  reaction	
  or	
  the	
  allylamine	
  was	
  removed	
  prior	
  to	
  chain	
  extension	
  using	
  the	
  C-­‐terminal	
  
hydrolase	
  Yuh1.	
  	
  	
  
	
  

	
   Encouraged	
   by	
   the	
   results	
  with	
   48-­‐linked	
   dimers,	
  we	
   sought	
   to	
   evaluate	
   6-­‐linked	
  

oligomers	
   as	
   substrates	
   of	
   NleL.	
   First,	
   we	
   wanted	
   to	
   investigate	
   whether	
   the	
   linkage	
  

influences	
   the	
   efficiency	
   of	
   chain	
   extension.	
   Comparing	
   reactions	
   with	
   48-­‐	
   and	
   6-­‐linked	
  

trimers,	
   the	
   ratio	
   of	
   branched	
   product	
   (II)	
   to	
   unmodified	
   substrate	
   (I)	
   was	
   measured	
  

(Figure	
  4.8A).	
  From	
  these	
  data,	
  we	
  observed	
  that	
  II	
  is	
  formed	
  to	
  a	
  much	
  greater	
  extent	
  with	
  

6-­‐linked	
  chains	
  compared	
  to	
  those	
  bearing	
  48-­‐linkages,	
  suggesting	
  NleL	
  prefers	
  the	
  former	
  

as	
  substrates.	
  Next,	
  we	
  wanted	
   to	
  evaluate	
   the	
  extent	
  of	
  branching	
  as	
  a	
   function	
  of	
  chain	
  

length.	
   Starting	
   with	
   6-­‐linked	
   dimers,	
   two	
   new	
   product	
   peaks	
   were	
   observed:	
   one	
  

corresponding	
  to	
  linear	
  heterotypic	
  chain	
  (Calc’d:	
  8539.83	
  Da)	
  and	
  another	
  commensurate	
  

with	
  a	
  branched	
  chain	
  (Figure	
  4.8B).	
  With	
  6-­‐linked	
  trimers	
  and	
  tetramers,	
  however,	
  only	
  

2xGG-­‐Ub1-­‐74	
   could	
   be	
   detected,	
   suggesting	
   linear	
   chains	
   are	
   not	
   formed	
   and	
   branching	
  

occurs	
  by	
  placing	
  Ub	
  on	
  one	
  or	
  more	
  of	
  the	
  internal	
  subunits	
  (Figures	
  4.8A	
  and	
  4.8B).	
  From	
  

these	
   data	
   we	
   conclude	
   that	
   (i)	
   branching	
   depends	
   on	
   the	
   linkage	
   of	
   the	
   linear	
   chain	
  

initially	
  assembled	
  by	
  the	
  E3	
  ligase,	
  and	
  (ii)	
  as	
  chain	
  length	
  increases,	
  it	
  is	
  more	
  favorable	
  

to	
  install	
  a	
  branch	
  point	
  rather	
  than	
  extend	
  the	
  chain	
  in	
  a	
  linear	
  fashion.	
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Figure	
  4.8.	
  Impact	
  of	
  chain	
  length	
  and	
  linkage	
  on	
  the	
  ability	
  of	
  NleL	
  to	
  extend	
  preformed	
  
Ub	
  oligomers.	
  A.	
   Comparison	
  between	
   the	
  NleL-­‐catalyzed	
  ubiquitylation	
  of	
   preformed	
  6-­‐	
  
and	
   48-­‐linked	
   Ub	
   trimers.	
   B.	
   Comparison	
   between	
   the	
   NleL-­‐catalyzed	
   extension	
   of	
  
preformed	
  6-­‐linked	
  dimers	
  and	
  tetramers.	
  The	
  linear	
  products	
  are	
  shown	
  in	
  green	
  and	
  the	
  
branched	
  chains	
  are	
  shown	
  in	
  red.	
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Formation	
  of	
  Branched	
  Chains	
  with	
  Other	
  Bacterial	
  E3	
  Ligases.	
  Recently,	
  another	
  class	
  

of	
   bacterial	
   effector	
   proteins	
  was	
   discovered	
   that	
   catalyze	
   polyUb	
   chain	
   formation	
   via	
   a	
  

thioester	
  intermediate.30,	
  52-­‐55	
  Unlike	
  NleL,	
  these	
  proteins,	
  termed	
  NELs	
  (novel	
  E3	
  ligases),	
  

bear	
  no	
   sequence	
  or	
   structural	
   similarity	
   to	
   eukaryotic	
  HECT	
  or	
  RING	
   (really	
   interesting	
  

new	
   gene)	
   ligases.	
   NELs	
   contain	
   an	
   N-­‐terminal	
   leucine-­‐rich	
   repeat	
   and	
   a	
   C-­‐terminal	
   α-­‐

helical	
   catalytic	
   domain.	
  Despite	
   differences	
   between	
   bacterial	
  HECT-­‐like	
   ligases	
   and	
   the	
  

NELs,	
   we	
   sought	
   to	
   determine	
   whether	
   a	
   representative	
   member	
   of	
   the	
   NEL	
   family,	
  

IpaH9.8,	
  assembles	
  branched	
  polyUb	
  chains.	
  IpaH9.8	
  is	
  produced	
  by	
  the	
  pathogen	
  Shigella	
  

flexneri	
   to	
   dampen	
   the	
   host	
   inflammatory	
   response	
   during	
   infection.34	
   Consistent	
   with	
  

previous	
  reports,	
  when	
  IpaH9.8	
  was	
  added	
  to	
  a	
  reaction	
  mixture	
  containing	
  UBE2D3	
  and	
  

Ub,	
   polyUb	
   chain	
   formation	
   was	
   observed	
   by	
   SDS-­‐PAGE	
   (Figure	
   4.9B).	
   Chain	
   formation,	
  

however,	
  was	
  negligible	
  with	
  UBE2L3	
  as	
  the	
  E2.	
  Minimal	
  trypsin	
  digest	
  of	
  the	
  resulting	
  Ub	
  

conjugates	
   then	
   led	
   to	
   the	
   detection	
   of	
   Ub1-­‐74,	
   GG-­‐Ub1-­‐74,	
   and	
   2xGG-­‐Ub1-­‐74	
  by	
   FT-­‐ICR	
  MS	
  

(Figure	
  4.9A)	
  and	
  ECD	
  analysis	
  of	
  GG-­‐Ub1-­‐74,	
  revealed	
  that	
  K48	
  is	
  the	
  predominant	
  linkage	
  

(Figure	
  4.20).	
  Compared	
  to	
  reactions	
  with	
  NleL,	
  branch	
  points	
  are	
  formed	
  to	
  a	
  much	
  lesser	
  

extent,	
   making	
   it	
   difficult	
   to	
   characterize	
   the	
   linkages	
   in	
   2xGG-­‐Ub1-­‐74	
   using	
   ECD.	
   To	
  

overcome	
  this	
  problem,	
  we	
  used	
  a	
  bottom-­‐up	
  approach.	
  Complete	
  trypsinolysis	
  of	
   the	
  Ub	
  

conjugates	
  followed	
  by	
  MS	
  analysis	
  using	
  an	
  Orbitrap	
  instrument	
  showed	
  that	
  both	
  K6	
  and	
  

K48	
  linkages	
  are	
  present	
  (Figure	
  4.21),	
  suggesting	
  IpaH9.8	
  catalyzes	
  the	
  formation	
  of	
   the	
  

same	
  branch	
  points	
  as	
  NleL.	
  	
  

Because	
   the	
  efficiency	
  with	
  which	
   IpaH9.8	
  assembles	
  branched	
  chains	
   is	
   less	
   than	
  

that	
  of	
  NleL,	
  we	
  sought	
  to	
  further	
  investigate	
  the	
  relationship	
  between	
  chain	
  extension	
  and	
  

branching.	
  The	
  population	
  of	
   branch	
  points	
   (2xGG-­‐Ub1-­‐74)	
  was	
   assessed	
   at	
   different	
   time	
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points	
  and	
  compared	
  to	
  the	
  amount	
  of	
  linear	
  polyUb	
  (GG-­‐Ub1-­‐74)	
  (Figure	
  4.9C).	
  With	
  NleL,	
  

branch	
  points	
  are	
  detected	
  within	
  the	
  first	
  20	
  %	
  conversion	
  of	
  Ub	
  into	
  polyUb	
  chains.	
  By	
  

contrast,	
  IpaH9.8	
  does	
  not	
  generate	
  branch	
  points	
  until	
  ~50	
  %	
  of	
  Ub	
  has	
  been	
  transformed	
  

into	
   polyUb	
   chains.	
   Analysis	
   of	
   IpaH9.8-­‐catalyzed	
   reactions	
   by	
   SDS-­‐PAGE	
   indicated	
   that	
  

while	
  chains	
  form	
  rapidly,	
  they	
  are	
  lower	
  in	
  molecular	
  weight	
  relative	
  to	
  those	
  produced	
  by	
  

NleL.	
  These	
  results	
  provide	
  additional	
  support	
  for	
  the	
  conclusion	
  that	
  branching	
  is	
  directly	
  

related	
   to	
   chain	
   length.	
   Alternatively,	
   since	
   IpaH9.8	
   primarily	
   builds	
   chains	
   bearing	
   K48	
  

linkages	
   and	
   our	
   results	
   with	
   NleL	
   show	
   that	
   it	
   is	
   difficult	
   to	
   generate	
   branch	
   points	
  

starting	
   from	
  preformed	
  K48-­‐linked	
  chains,	
   the	
   low	
  abundance	
  of	
  2xGG-­‐Ub1-­‐74	
  could	
  be	
  a	
  

consequence	
  of	
  the	
  linkage	
  type	
  within	
  the	
  linear	
  chains.	
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Figure	
  4.9.	
  Branching	
  in	
  IpaH9.8-­‐catalyzed	
  reactions.	
  A.	
  Time	
  course	
  analysis	
  of	
  IpaH9.8-­‐
catalyzed	
  ubiquitylation	
  reactions.	
  Percentages	
  are	
  based	
  on	
  the	
  total	
  population	
  of	
  Ub1-­‐74	
  
derivatives.	
  B.	
   SDS-­‐PAGE	
  analysis	
  of	
  NleL-­‐	
  and	
   IpaH9.8-­‐catalyzed	
  reactions.	
  C.	
  Examining	
  
the	
  amount	
  of	
  2xGG-­‐Ub1-­‐74	
  as	
  a	
  function	
  of	
  GG-­‐Ub1-­‐74	
  for	
  both	
  NleL-­‐	
  and	
  IpaH9.8-­‐catalyzed	
  
reactions.	
  	
  	
  	
  	
  

	
  

	
  

4.5	
  DISCUSSION	
  

Bottom-­‐up	
   MS	
   methods	
   have	
   been	
   instrumental	
   in	
   shaping	
   our	
   understanding	
   of	
   the	
  

repertoire	
   of	
   polyUb	
   chain	
   linkages	
   in	
   eukaryotic	
   cells.14,	
   21,	
   56	
   Trypsinolysis	
   of	
   polyUb	
  

chains	
   furnishes	
   signature	
  peptides	
  bearing	
  a	
   lysine	
   residue	
  with	
  a	
  GG	
  motif	
   from	
   the	
  C-­‐

terminus	
   of	
   Ub.	
   The	
   seven	
   tryptic	
   peptide	
   fragments	
   generated	
   from	
   this	
   process	
   then	
  

inform	
  on	
   the	
  sites	
  of	
  polyUb	
  chain	
   formation.	
  Because	
   the	
  signature	
  GG	
  motifs	
   reside	
   in	
  

distinct	
  Ub	
  peptides,	
  it	
  remains	
  a	
  formidable	
  challenge	
  to	
  assess	
  chain	
  length	
  and	
  topology,	
  

i.e.,	
  the	
  degree	
  to	
  which	
  branched	
  chains	
  are	
  formed	
  unless	
  modifications	
  occur	
  on	
  adjacent	
  

lysines,	
   e.g.,	
   K6+K11,	
   K27+K29,	
   and	
   K29+K33.22	
   Characterizing	
   length	
   and	
   topology	
   is	
  

important	
   because	
   both	
   factors	
   control	
   the	
   dynamics	
   of	
   biochemical	
   pathways.4,	
   5	
   For	
  

instance,	
   chains	
   with	
   a	
   minimum	
   of	
   four	
   subunits	
   provide	
   an	
   effective	
   signal	
   for	
  

proteasomal	
   degradation11	
   and	
   differences	
   in	
   the	
   intracellular	
   trafficking	
   of	
   major	
  

histocompatibility	
   complex	
   class	
   II	
   (MHC	
   II)	
   in	
   professional	
   antigen-­‐presenting	
   cells	
   is	
   a	
  

consequence	
   of	
   differences	
   in	
   chain	
   length.57	
  With	
   regards	
   to	
   topology,	
   chain	
   branching	
  

through	
  K11	
  and	
  K63	
  has	
   also	
  been	
   implicated	
   in	
   controlling	
   the	
   rate	
   at	
  which	
  MHC	
   I	
   is	
  

internalized	
  by	
  endocytosis,58	
  and	
  just	
  recently,	
  the	
  anaphase-­‐promoting	
  complex	
  (APC/C)	
  

was	
   found	
   to	
   assemble	
   branched	
   chains	
   containing	
   K11	
   linkages	
   in	
   order	
   to	
   promote	
  

efficient	
  degradation	
  by	
  the	
  proteasome	
  during	
  prometaphase	
  of	
  the	
  cell	
  cycle.59	
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  In	
  the	
  present	
  work	
  we	
  exploited	
  middle-­‐down	
  MS	
  to	
  investigate	
  the	
  formation	
  of	
  

branched	
  polyUb	
  chains	
  containing	
  isopeptide	
  linkages	
  at	
  non-­‐adjacent	
  lysines.	
  Our	
  studies	
  

focused	
  on	
  the	
  bacterial	
  E3	
   ligase	
  NleL	
  as	
   it	
  has	
   the	
  ability	
   to	
  not	
  only	
   tether	
  heterotypic	
  

chains	
   to	
   itself	
   –	
   a	
   process	
   referred	
   to	
   as	
   autoubiquitylation	
   –	
   but	
   also	
   form	
   free,	
  

unanchored	
  polyUb	
  chains.	
  The	
  results	
  of	
   these	
  studies	
  demonstrate	
  that	
  NleL	
  constructs	
  

branched	
  chains	
  containing	
   isopeptide	
   linkages	
  at	
  K6	
  and	
  K48	
  when	
  polyUb	
   formation	
   is	
  

completely	
   unrestricted	
   by	
   the	
   presence	
   of	
   K-­‐to-­‐R	
   substitutions.	
   Experiments	
  with	
  well-­‐

defined	
  polyUb	
  chains	
  as	
  substrates	
  for	
  NleL	
  showed	
  that	
  it	
  is	
  equally	
  probable	
  to	
  extend	
  a	
  

dimer	
  in	
  the	
  form	
  of	
  a	
  linear	
  or	
  branched	
  heterotypic	
  chain.	
  However,	
  when	
  longer	
  chains,	
  

such	
   as	
   tetramers,	
   are	
   used	
   as	
   substrates,	
   branching	
   becomes	
   a	
   more	
   prevalent	
  

modification.	
   The	
   observation	
   that	
   another	
   bacterial	
   E3	
   ligase,	
   unrelated	
   to	
   NleL,	
   along	
  

with	
   the	
   metazoan	
   APC/C59	
   also	
   assemble	
   branched	
   conjugates	
   suggests	
   these	
   atypical	
  

chains	
  could	
  be	
  more	
  widespread	
  than	
  currently	
  appreciated.	
  	
  	
  	
  

	
   In	
   light	
   of	
   our	
   results,	
   we	
   speculate	
   that	
   mixtures	
   of	
   linkages,	
   which	
   are	
   often	
  

present	
  in	
  high	
  molecular	
  weight	
  Ub	
  conjugates,	
  could	
  represent	
  branched	
  chains	
  both	
  in	
  

enzymatic	
   assays	
   and	
   cellular	
   extracts.	
   For	
   example,	
   high	
   molecular	
   weight	
   K48-­‐linked	
  

polyUb	
   chains	
   immunoprecipitated	
   from	
  mammalian	
   cells	
   using	
   the	
  K48	
   linkage-­‐specific	
  

antibody	
   typically	
   contain	
  K6,	
  K11,	
   and	
  K63	
   linkages.19,	
  20	
  Our	
   results	
   could	
  also	
  apply	
   to	
  

the	
  action	
  of	
  E4	
  Ub	
  ligases	
  as	
  these	
  enzymes	
  collaborate	
  with	
  E1,	
  E2,	
  and	
  E3s	
  to	
  catalyze	
  

the	
  extension	
  of	
  polyUb	
  chains	
  60.	
  The	
  prototype	
  of	
  this	
  activity	
  is	
  the	
  yeast	
  enzyme	
  Ufd2,	
  

which	
   elongates	
   existing	
   K29-­‐linked	
   chains	
   by	
   forming	
   K48	
   linkages.61	
   The	
   initial	
   Ufd2-­‐

dependent	
  elongation	
  step	
  may	
  occur	
  by	
  extending	
  the	
  chain	
  from	
  the	
  end	
  to	
  form	
  a	
  linear	
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heterotypic	
  chain.	
  Alternatively,	
  Ufd2	
  could	
  first	
  build	
  a	
  branch	
  point	
  before	
  continuing	
  to	
  

catalyze	
  the	
  sequential	
  addition	
  of	
  Ub	
  through	
  K48.	
  	
  	
  	
  	
  

	
   The	
   distinct	
   Ub	
   topologies	
   created	
   by	
   different	
   chain	
   linkages	
   could	
   also	
   play	
   an	
  

important	
   role	
   in	
   the	
   ability	
   to	
   construct	
   branched	
   conjugates.	
   Although	
   NleL	
   generates	
  

both	
  K6	
  and	
  K48	
  linkages,	
  we	
  found	
  that	
  by	
  using	
  unanchored	
  polyUb	
  chains	
  as	
  substrates	
  

K6-­‐linked	
   chains	
   could	
   be	
   elongated	
   in	
   the	
   form	
   of	
   a	
   branched	
   conjugate,	
  whereas	
   K48-­‐

linked	
  chains	
  were	
  modified	
  to	
  a	
  much	
  lesser	
  extent.	
  These	
  results,	
  along	
  with	
  observations	
  

that	
  long	
  (>2	
  subunits)	
  K6-­‐linked	
  chains	
  are	
  constructed	
  by	
  NleL	
  at	
  a	
  much	
  faster	
  rate	
  than	
  

those	
  bearing	
  K48	
  linkages,33	
  suggest	
  the	
  structural	
  ensemble	
  of	
  K6-­‐linked	
  chains	
  is	
  well-­‐

suited	
   for	
   NleL	
   to	
   maintain	
   a	
   persistent	
   and	
   productive	
   interaction.	
   By	
   contrast,	
   the	
  

conformations	
   adopted	
   by	
   K48-­‐linked	
   chains	
  may	
   not	
   promote	
   high	
   affinity	
   interactions	
  

with	
  NleL,	
  and	
  as	
  a	
  result,	
  processive	
  chain	
  formation	
  does	
  not	
  occur.	
  Although	
  additional	
  

binding	
  studies	
  are	
   required	
   to	
   test	
   this	
  hypothesis,	
  we	
  surmise	
   that	
  as	
  K6-­‐linked	
  chains	
  

become	
   longer	
   and	
   the	
   number	
   of	
   available	
   K48	
   residues	
   increases	
   within	
   each	
   chain,	
  

entropy	
  becomes	
  an	
  important	
  factor	
  in	
  targeting	
  the	
  placement	
  of	
  a	
  Ub	
  unit	
  at	
  an	
  internal	
  

subunit	
   rather	
   than	
  at	
   the	
   chain	
   terminus.	
  This	
  model	
   could	
  pertain	
   to	
  other	
   ligases.	
  For	
  

example,	
  the	
  yeast	
  HECT	
  ligase	
  Rsp5	
  prefers	
  to	
  assemble	
  K63	
  linkages,	
  but	
  since	
  chains	
  can	
  

also	
   be	
   extended	
   through	
   K11,	
   K33,	
   and	
   K48	
   there	
   could	
   be	
   a	
   preponderance	
   of	
  

arborization	
  within	
  these	
  oligomers.62	
  Middle-­‐down	
  MS	
  will	
  be	
  instrumental	
  in	
  testing	
  this	
  

model	
   and	
   further	
   elucidating	
   the	
   biochemical	
   details	
   of	
   E3	
   ligases,	
   one	
   of	
   the	
   most	
  

predominant	
  classes	
  of	
  enzymes	
  encoded	
  by	
  the	
  human	
  genome.	
  Moreover,	
  middle-­‐down	
  

MS	
  can	
  ultimately	
  be	
  combined	
  with	
  affinity	
  chromatography	
  steps	
  to	
  uncover	
  the	
  extent	
  to	
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which	
   branched	
   chains	
   form	
   under	
   different	
   cellular	
   conditions,	
   thus	
   providing	
  

unprecedented	
  insight	
  into	
  how	
  Ub	
  chain	
  topology	
  influences	
  function.	
  

	
  
	
  

	
  
	
  

	
  
Figure	
  4.10.	
  Trypsin	
  Digest	
  Optimization.	
  Mass	
  spectra	
  of	
  samples	
  digested	
  by	
  
optimized	
  minimal	
  trypsin	
  digest.	
  Gel	
  1:	
  Ub	
  chains	
  formed	
  from	
  UBE2D3	
  and	
  NleL.	
  	
  Gel	
  2:	
  
After	
  optimized	
  trypsin	
  digest	
  conditions.	
  Lack	
  of	
  Ub2	
  peak	
  suggests	
  complete	
  digestion	
  to	
  
Ub	
  monomers.	
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Figure	
  4.11.	
  Ubiquitin	
  Enrichment	
  Optimization	
  A.	
  Mass	
  spectra	
  of	
  sample	
  processed	
  by	
  
fully	
  optimized	
  work	
  flow.	
  	
  *	
  denotes	
  peaks	
  resulting	
  from	
  different	
  charge	
  states	
  of	
  Ub1-­‐74	
  
B.	
  Mass	
  spectra	
  of	
  sample	
  processed	
  using	
  previous	
  processing	
  technique.	
  C.	
  Same	
  sample	
  
as	
  B,	
  but	
  m/z	
  range	
  is	
  restricted	
  to	
  700-­‐2000.	
  *	
  denotes	
  peaks	
  resulting	
  from	
  different	
  
charge	
  states	
  of	
  Ub1-­‐74	
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Figure	
  4.12.	
  Mass	
  Spectra	
  of	
  Ub	
  Chains	
  from	
  Varying	
  E2/E3	
  Enzymes	
  
Branching	
  varies	
  with	
  enzyme	
  concentration	
  (M11+)	
  
Mass	
  spectra	
  of	
  product	
  distribution	
  from	
  chains	
  formed	
  with	
  different	
  E2	
  (1	
  uM)/	
  
E3(5uM)	
  combinations.	
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Figure	
  4.13.	
  ECD	
  Analysis	
  of	
  GG-­‐Ub1-­‐74	
  (E2:	
  UBE2D3,	
  E3:	
  NleL)	
  A.	
  Map	
  of	
  observed	
  
fragments.	
  Data	
  analysis	
  for	
  the	
  bottom	
  maps	
  include	
  Ne-­‐GlyGly-­‐Lys	
  linker	
  modification	
  at	
  
lysine	
  6	
  or	
  48	
  (red)	
  in	
  c	
  and	
  z•	
  ion	
  predictions.	
  Top	
  map	
  does	
  not	
  include	
  isopeptide	
  linker	
  
modification	
  in	
  theoretical	
  analysis.	
  	
  (Since	
  GG-­‐Ub1-­‐74	
  is	
  a	
  mixture	
  of	
  species	
  modified	
  at	
  
different	
  lysines,	
  many	
  fragments	
  are	
  observable	
  with	
  and	
  without	
  Ne-­‐GlyGly-­‐Lys	
  linker	
  
modification,	
  thus	
  only	
  fragment	
  maps	
  comparing	
  branched	
  modification	
  sites	
  were	
  
included).	
  B.	
  Key	
  ECD	
  fragment	
  ions	
  for	
  mapping	
  isopeptide	
  linkage	
  site	
  on	
  GG-­‐Ub1-­‐74.	
  
Circles	
  represent	
  theoretical	
  isotopic	
  abundance	
  distribution	
  of	
  the	
  isotopomer	
  peaks.	
  	
  
Calc’d:	
  calculated	
  most	
  abundant	
  molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  
molecular	
  weight.	
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Figure	
  4.14.	
  ECD	
  Analysis	
  of	
  2xGG-­‐Ub1-­‐74	
  A.	
  ECD	
  fragments	
  of	
  2xGG-­‐Ub1-­‐74	
  that	
  contain	
  
unmodified	
  lysines	
  at	
  positions	
  11,	
  27,	
  29,	
  33,	
  and	
  63.	
  Circles	
  represent	
  theoretical	
  isotopic	
  
abundance	
  distribution	
  of	
  the	
  isotopomer	
  peaks.	
  Calc’d:	
  calculated	
  most	
  abundant	
  
molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  molecular	
  weight.	
  B.	
  Observable	
  
ECD	
  fragments	
  (c	
  and	
  z•	
  ions)	
  containing	
  GG-­‐modified	
  lysines	
  at	
  positions	
  6	
  and	
  48	
  (red	
  K=	
  
lysine	
  harboring	
  GG	
  motif,	
  fragments	
  shown	
  in	
  a	
  are	
  highlighted	
  in	
  red).	
  C.	
  Observable	
  ECD	
  
fragments	
  of	
  2xGG-­‐Ub1-­‐74	
  varying	
  the	
  location	
  of	
  the	
  GG	
  modification	
  to	
  each	
  lysine	
  
showing	
  that	
  K6	
  and	
  K48	
  contain	
  the	
  most	
  observable	
  c	
  and	
  z•	
  ions.	
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Figure	
  4.15.	
  Ratios	
  of	
  Ub	
  Species	
  at	
  Charge	
  States	
  8-­‐12	
  	
  Ratio	
  of	
  Ub1-­‐74	
  (green):GG-­‐Ub1-­‐74	
  
(blue):2xGG-­‐Ub1-­‐74	
  (red)	
  is	
  the	
  same	
  in	
  all	
  charge	
  states	
  (Ub	
  8+	
  -­‐12+).	
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Figure	
  4.16.	
  SDS-­‐PAGE	
  Analysis	
  of	
  Ub	
  Chain	
  Reactions.	
  Coomassie-­‐stained	
  SDS-­‐PAGE	
  
analysis	
  of	
  .5uM	
  IpaH9.8	
  reactions	
  with	
  either	
  UBE2D3	
  over	
  time.	
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Figure	
  4.17.	
  Coomassie-­‐stained	
  SDS-­‐PAGE	
  analysis	
  of	
  TEC	
  Ub	
  chains	
  (varying	
  length,	
  
linkage,	
  and	
  C-­‐terminus)	
  with	
  wt	
  Ub.	
  T0	
  =	
  no	
  ATP.	
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Figure	
  4.18.	
  Mass	
  Spectra	
  of	
  TEC	
  48-­‐linked	
  Ub2	
  Mass	
  spectra	
  of	
  products	
  of	
  TEC	
  6-­‐	
  and	
  
48-­‐linked	
  Ub2	
  (+/-­‐	
  free	
  C-­‐terminus)	
  reacted	
  with	
  wt	
  Ub	
  (M9+	
  charge	
  state).	
  Peak	
  colors:	
  
Yellow	
  =	
  linear	
  heterotypic	
  chain	
  extension	
  product;	
  Blue	
  =	
  TEC	
  linked	
  GG-­‐Ub1-­‐74;	
  Red	
  =	
  
branched	
  chain	
  product	
  (2x-­‐GG-­‐Ub1-­‐74);	
  Green	
  =	
  wtUb1-­‐74	
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Figure	
  4.19.	
  Mass	
  Spectra	
  of	
  	
  TEC	
  Substrates	
  with	
  wt	
  Ub.	
  Mass	
  spectra	
  of	
  products	
  of	
  
TEC	
  Ub	
  chains	
  (varying	
  length,	
  linkage)	
  with	
  wt	
  Ub	
  (M9+	
  charge	
  state).	
  Branched	
  product	
  =	
  
red,	
  linear	
  chain	
  extension	
  product	
  =	
  orange	
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Figure	
  4.20.	
  ECD	
  Analysis	
  For	
  GG-­‐Ub1-­‐74	
  (IpaH9.8).	
  ECD	
  of	
  GG-­‐Ub1-­‐74.	
  (E2:	
  UBE2D3,	
  E3:	
  
IpaH9.8)	
  A.	
  Map	
  of	
  observed	
  fragments.	
  Data	
  analysis	
  for	
  the	
  bottom	
  maps	
  include	
  Ne-­‐
GlyGly-­‐Lys	
  linker	
  modification	
  at	
  lysine	
  6	
  or	
  48	
  (red)	
  in	
  c	
  and	
  z•	
  ion	
  predictions.	
  Top	
  map	
  
does	
  not	
  include	
  isopeptide	
  linker	
  modification	
  in	
  theoretical	
  analysis.	
  	
  B.	
  Key	
  ECD	
  
fragment	
  ions	
  for	
  mapping	
  isopeptide	
  linkage	
  site	
  on	
  GG-­‐Ub1-­‐74.	
  Circles	
  represent	
  
theoretical	
  isotopic	
  abundance	
  distribution	
  of	
  the	
  isotopomer	
  peaks.	
  	
  Calc’d:	
  calculated	
  
most	
  abundant	
  molecular	
  weight.	
  Expt’l:	
  experimental	
  most	
  abundant	
  molecular	
  weight.	
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Figure	
  4.21:	
  MS	
  analysis	
  of	
  Ub	
  linkages	
  formed	
  by	
  IpaH9.8.	
  A)	
  Mass	
  and	
  MS/MS	
  analysis	
  of	
  
Ub	
  peptide	
  modified	
  with	
  GG	
  at	
  Lys6.	
  B)	
  Mass	
  and	
  MS/MS	
  analysis	
  of	
  Ub	
  peptide	
  modified	
  
with	
  GG	
  at	
  Lys48.	
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5.1	
  Introduction	
  

Ub	
  chain	
  topology	
  dictates	
  the	
  function,	
  and	
  thus	
  biological	
  outcome	
  of	
  

ubiquitinated	
  proteins1.	
  	
  Knowledge	
  connecting	
  topology	
  to	
  function	
  is	
  uncovered	
  by	
  

analytical	
  techniques	
  such	
  as	
  bottom-­‐up	
  MS,	
  which	
  distinguish	
  the	
  location	
  of	
  isopeptide	
  

bonds.	
  	
  The	
  scope	
  of	
  this	
  analysis	
  is	
  limited	
  to	
  linear	
  chains	
  because	
  localizing	
  two	
  

isopeptide	
  modifications	
  to	
  the	
  same	
  protein	
  is	
  only	
  possible	
  if	
  the	
  modifications	
  are	
  not	
  

divided	
  during	
  sample	
  preparation.	
  	
  	
  Top-­‐down	
  MS	
  enables	
  the	
  analysis	
  of	
  multiple	
  PTMs	
  

by	
  analyzing	
  intact	
  proteins,	
  but	
  has	
  not	
  been	
  applied	
  extensively	
  to	
  branched	
  Ub	
  chains.	
  	
  

We	
  aim	
  to	
  expand	
  MS	
  techniques	
  to	
  monitor	
  branched	
  Ub	
  chains.	
  

In	
  Chapter	
  4,	
  we	
  demonstrated	
  that	
  middle-­‐down	
  MS	
  can	
  be	
  used	
  to	
  unambiguously	
  

identify	
  branched	
  Ub	
  chains	
   from	
   in	
  vitro	
   enzymatic	
   reactions2.	
   	
  This	
  method	
  works	
  well	
  

since	
   Ub	
   peptides	
   are	
   in	
   much	
   greater	
   abundance	
   than	
   peptides	
   from	
   other	
   reaction	
  

components.	
   	
   Indeed,	
   the	
   concentration	
  of	
  Ub	
   is	
   10	
   to	
  100	
   times	
  higher	
   than	
   that	
   of	
   the	
  

chain	
  constructing	
  enzymes,	
  and	
  Ub1-­‐74,	
  GG-­‐Ub1-­‐74,	
  and	
  2xGG-­‐Ub1-­‐74	
  represent	
  the	
  majority	
  

of	
   the	
   peptide/protein	
   species	
   that	
   can	
   be	
   analyzed	
   after	
   digestion	
   by	
   trypsin	
   and	
  

subsequent	
   dialysis.	
   	
   In	
   order	
   to	
   expand	
   this	
   technique	
   to	
   analyze	
   complex	
  mixtures	
   in	
  

which	
  Ub	
  chains	
  are	
  not	
  the	
  most	
  prevalent	
  components,	
  such	
  as	
  in	
  mammalian	
  cells,	
  a	
  Ub	
  

enrichment	
  step	
  must	
  precede	
  MS	
  analysis	
  (figure	
  5.1).	
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Figure	
  5.1.	
  Scheme	
  of	
  	
  work	
  flow	
  to	
  enrich	
  for	
  chains	
  from	
  cell	
  lysate.	
  

There	
   are	
   a	
   few	
   established	
  methods	
   to	
   enrich	
   for	
   Ub	
   from	
   cells3,4,	
   but	
   none	
   are	
  

specific	
  for	
  native	
  branched	
  Ub	
  chains.	
  	
  Our	
  approach	
  to	
  identifying	
  branched	
  Ub	
  chains	
  in	
  

cellular	
   extracts	
   is	
   to	
   enrich	
   for	
   these	
   conjugates	
  using	
  a	
   capture	
  protein	
   that	
   selectively	
  

interacts	
  with	
   branched	
   topologies.	
   	
   For	
   this	
   purpose,	
  we	
   intend	
   to	
   use	
   UCHL3,	
   a	
   Ub	
   C-­‐

terminal	
  Hydrolase	
  (UCH),	
  which	
  recently	
  has	
  been	
  found	
  to	
  specifically	
  bind	
  and	
  cleave	
  Ub	
  

chains	
  branched	
  at	
  K11	
  and	
  K63.	
   	
   	
   The	
  binding	
   affinity	
   for	
  UCHL3	
  and	
  a	
  Ub	
   trimer	
  with	
  

branch	
   points	
   at	
   K11	
   and	
   K63	
   is	
   ten-­‐fold	
   higher	
   than	
   that	
   with	
   other	
   Ub	
   linkage	
   types	
  

(unpublished	
   data,	
   Larry	
   Anderson).	
   	
   By	
   developing	
   a	
   novel	
   enrichment	
   strategy	
   for	
  

branched	
   Ub,	
   we	
   can	
   expand	
   the	
   utility	
   of	
  middle-­‐down	
  MS	
   to	
   observe	
   chain	
   branching	
  

from	
  a	
  cellular	
  context.	
  	
  

	
  

	
  

5.2	
  Results	
  and	
  Discussion	
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5.2.1	
  UchL3	
  can	
  pull	
  down	
  branched	
  Ub	
  trimer	
  

We	
   sought	
   to	
   determine	
   whether	
   K11/K63	
   linked	
   branched	
   Ub	
   trimers	
   can	
   be	
  

pulled-­‐down	
  by	
  agarose	
  resin	
  that	
  has	
  been	
  conjugated	
  to	
  UchL3.	
  First,	
  K11/K63	
  branched	
  

trimers	
  were	
  synthesized	
  via	
  TEC	
  between	
  K11C,	
  K63C	
  Ub	
  and	
  aaUb.	
  	
  Trimers	
  were	
  mixed	
  

with	
  cell	
   lysate	
   from	
  MEF	
  (mouse	
  embryonic	
   fibroblast)	
  cells5	
  to	
  mimic	
  a	
  pull	
  down	
  from	
  

cell	
  extract.	
  10mM	
  chloroacetamide	
  was	
  added	
  to	
  the	
  cell	
  lysate	
  to	
  inhibit	
  deubiquitinating	
  

activity	
  from	
  endogenous	
  DUBs.	
  	
  	
  

	
   The	
  catalytic	
  knockout	
  of	
  UchL3	
  (UchL3C95S)	
  was	
  immobilized	
  on	
  affi	
  gel	
  10	
  lysine	
  

reactive	
   agarose	
   beads	
   via	
   standard	
   coupling	
   procedure	
   from	
   the	
   manufacturer.	
   	
   	
   Four	
  

variations	
   of	
   agarose	
   beads	
   were	
   prepared,	
   each	
   containing	
   a	
   different	
   immobilized	
  

protein:	
   1.	
   UchL3C95S	
   fused	
   to	
   maltose	
   binding	
   protein;	
   2.	
   free	
   UchL3;	
   3.	
   free	
   maltose	
  

binding	
  protein;	
  4.	
  Beads	
  lacking	
  protein.	
  Variations	
  3	
  and	
  4	
  provided	
  negative	
  controls	
  for	
  

the	
   experiment.	
  The	
  Ub	
   trimer/cell	
   lysate	
  mixture	
  was	
   incubated	
  with	
  beads,	
  which	
  was	
  

then	
   washed	
   with	
   Tris-­‐HCl	
   pH	
   7.4.	
   Finally,	
   any	
   remaining	
   protein	
   was	
   eluted	
   with	
   6M	
  

GndHCl	
  and	
  visualized	
  by	
  SDS-­‐PAGE	
  analysis.	
   	
  Ub	
  trimer	
  was	
  observed	
  in	
  the	
  elution	
  lane	
  

from	
  beads	
  that	
  were	
  conjugated	
  to	
  UchL3C95S	
  fused	
  to	
  maltose	
  binding	
  protein.	
  Trimer	
  

did	
  not	
  elute	
  from	
  free	
  quenched	
  agarose	
  beads	
  (figure	
  5.1)	
  or	
  from	
  immobilized	
  maltose	
  

binding	
   protein.	
   	
   These	
   experiments	
   were	
   repeated	
   with	
   UchL3C95A,	
   as	
   an	
   alternative	
  

catalytic	
  knockout,	
  and	
  results	
  were	
  similar.	
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Figure	
  5.2	
  11/63	
  branched	
  trimer	
  pull	
  down	
  using	
  immobilized	
  UchL3.	
  Coomasie	
  stained	
  
SDS-­‐PAGE	
  and	
  α-­‐Ub	
  western	
  blot.	
  

	
  

	
   The	
   eluted	
  Ub	
   trimer	
  was	
   then	
   exchanged	
   into	
   ammonium	
  bicarbonate	
   buffer	
   for	
  

tryptic	
  digest,	
  but	
  only	
  peptide	
  fragments	
  were	
  later	
  observed	
  by	
  MS	
  analysis.	
  	
  We	
  presume	
  

Ub	
   was	
   over	
   digested	
   due	
   to	
   improper	
   refolding	
   upon	
   buffer	
   exchange.	
   Slow	
   buffer	
  

exchange	
   into	
   tris	
   refolding	
   buffer	
   should	
   allow	
   for	
   better	
   digestion	
   conditions	
   in	
   the	
  

future.	
  

Preliminary	
  experiments	
  were	
  also	
  performed	
  to	
  determine	
  whether	
  co-­‐elution	
  of	
  a	
  

non-­‐covalently	
  bound	
  UchL3	
  catalytic	
  knockout	
  and	
  branched	
  Ub	
  chains	
  could	
  be	
  digested	
  

and	
  analyzed	
  together	
  by	
  MS	
  as	
  an	
  alternative	
  to	
  eluting	
  trimer	
  from	
  immobilized	
  UchL3.	
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Wild	
   type	
   Ub	
  was	
  mixed	
  with	
   UchL3	
   C95S	
   at	
   different	
   ratios,	
   digested	
  with	
   trypsin	
   and	
  

analyzed	
   by	
   middle	
   down	
  MS.	
   	
   Ub	
   species	
   were	
   easily	
   observed,	
   but	
   digestion	
   was	
   not	
  

complete	
  when	
  the	
  Ub	
  binding	
  partner,	
  UchL3,	
  was	
  present	
  in	
  the	
  digestion	
  mixture,	
  due	
  to	
  

the	
  presence	
  of	
  Ub1-­‐76	
  (figure	
  5.2).	
  	
  We	
  hypothesize	
  that	
  UchL3	
  binding	
  to	
  Ub	
  protects	
  the	
  

latter	
  from	
  efficient	
  trypsin	
  cleavage.	
  	
  	
  For	
  future	
  experiments,	
  digestion	
  conditions	
  will	
  be	
  

optimized	
  to	
  match	
  Ub	
  pull	
  down	
  concentrations.	
  The	
  digestion	
  step	
  can	
  be	
  evaluated	
  by	
  

monitoring	
  the	
  extent	
  of	
  Ub	
  hydrolysis	
  at	
  R74.	
  	
  	
  	
  	
  

	
   	
  

Figure	
  5.3.	
  MS	
  analysis	
  of	
  Ub1-­‐76	
  digested	
  in	
  the	
  absence	
  (A)	
  and	
  presence	
  (B)	
  of	
  UchL3	
  	
  

	
  

5.2.2	
  Minimal	
  digest	
  optimization	
  

Minimal	
  digestion	
  of	
  Ub	
  chains	
  to	
  monomers,	
  without	
  over	
  digestion	
  to	
  peptides,	
  is	
  

crucial	
   for	
  observing	
  branch	
  points.	
   	
  Digestion	
  conditions	
  depend	
  on	
  the	
  concentration	
  of	
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Ub	
   and	
   other	
   proteins	
   present	
   in	
   the	
   sample,	
   so	
  we	
   sought	
   to	
  monitor	
   trypsin	
   digest	
   of	
  

varying	
  concentrations	
  of	
  Ub,	
  both	
  monomer	
  and	
  chains.	
  	
  	
  Either	
  50,	
  5,	
  or	
  0.5	
  pmols	
  of	
  Ub	
  

chains	
   or	
   Ub	
  monomer	
   (1	
   μM,	
   100	
   nM,	
   or	
   10	
   nM)	
   were	
   mixed	
   with	
   0.5	
   μg	
   trypsin,	
   for	
  

varying	
   times	
   (0.5,	
   3,	
   or	
   6.5	
   hours).	
   	
   Total	
   protein	
   in	
   all	
   samples	
   was	
   standardized	
   by	
  

adding	
   BSA	
   to	
   50	
   pmols.	
   In	
   general,	
   Ub	
  monomer	
   species	
  were	
   observable	
   by	
  MS	
  when	
  

starting	
  concentrations	
  of	
  Ub	
  were	
  1	
  μM	
  or	
  100	
  nM,	
  but	
  not	
  10	
  nM.	
  	
  For	
  all	
  samples,	
  trypsin	
  

digest	
  did	
  not	
  go	
  to	
  completion,	
  even	
  at	
  longer	
  time	
  points	
  (figure	
  5.4).	
  	
  We	
  conclude	
  from	
  

these	
  studies	
   that	
   it	
  will	
  be	
  necessary	
   to	
  know	
  an	
  approximate	
  concentration	
  of	
  Ub	
  after	
  

enrichment,	
   in	
   order	
   to	
   appropriately	
   optimize	
   digestion	
   conditions.	
   	
   Also,	
   Ub	
  

concentration	
   before	
   trypsin	
   digest	
   should	
   be	
   at	
   least	
   100	
   nM	
   in	
   order	
   to	
   observe	
   Ub	
  

species	
  by	
  MS.	
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Figure	
  5.4.	
  MS	
  spectra	
  of	
  1	
  μM	
  Ub	
  digested	
  with	
  0.5	
  μg	
  trypsin	
  over	
  varying	
  time	
  points.	
  (*	
  
denotes	
  oxidized	
  Ub).	
  

	
  

5.3	
  Future	
  Directions	
  

5.3.1	
  Elution	
  conditions	
  

Our	
   lab	
  has	
  developed	
  a	
   fluorescence	
  anisotropy	
  assay	
   to	
   look	
  at	
  binding	
  of	
  Ub	
   to	
  

UchL3	
   (Larry	
   Anderson,	
   unpublished	
   data).	
   	
   By	
   testing	
   the	
   dissociation	
   constant	
   of	
  

branched	
   trimer	
   and	
  mono	
  Ub,	
  we	
   can	
   find	
   the	
   best	
  wash	
   and	
   elution	
   conditions	
   for	
  Ub	
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enrichment.	
  	
  I	
  propose	
  checking	
  binding	
  with	
  different	
  pH	
  levels	
  and	
  salt	
  concentrations	
  to	
  

find	
  wash	
  conditions	
  that	
  allow	
  a	
   large	
  difference	
  in	
  retention	
  of	
  monomer	
  and	
  branched	
  

trimer.	
  	
  For	
  elution	
  of	
  trimer,	
  it	
  would	
  be	
  advantageous	
  to	
  find	
  conditions	
  that	
  decrease	
  the	
  

affinity	
   between	
   trimer	
   and	
   UchL3	
   while	
   keeping	
   the	
   native	
   fold	
   of	
   Ub,	
   since	
   retaining	
  

native	
  Ub	
  tertiary	
  structure	
  is	
  crucial	
  for	
  the	
  minimal	
  trypsin	
  digest	
  step.	
  

	
  

5.3.2	
  Optimize	
  minimal	
  trypsin	
  digest	
  

	
   To	
   implement	
   this	
   technique	
   for	
   the	
   analysis	
   of	
   Ub	
   chains	
   from	
   cells,	
   trypsin	
  

digestion	
  conditions	
  must	
  be	
  optimized	
  for	
  different	
  ratios	
  of	
  Ub	
  to	
  co-­‐eluting	
  proteins	
  and	
  

at	
  low	
  Ub	
  concentrations.	
  	
  We	
  have	
  already	
  demonstrated	
  that	
  trypsin	
  digest	
  is	
  influenced	
  

by	
  the	
  Ub	
  tertiary	
  structure	
  and	
  the	
  presence	
  of	
  Ub	
  binding	
  domains.	
  	
  	
  A	
  possible	
  strategy	
  

to	
  monitor	
  digestion	
  of	
  Ub	
  chains	
  to	
  monomers	
  	
  is	
  to	
  spike	
  N15	
  labeled	
  wild	
  type	
  Ub	
  into	
  all	
  

samples	
  at	
  a	
  low	
  concentration.	
  	
  Since	
  heavy	
  Ub	
  is	
  distinguishable	
  by	
  mass	
  from	
  Ub	
  in	
  the	
  

samples	
   of	
   interest,	
   it	
   could	
   serve	
   as	
   an	
   internal	
   standard	
   to	
   report	
   whether	
   all	
   Ub	
   has	
  

digested.	
  	
  Complete	
  digestion	
  to	
  monomer	
  is	
  crucial,	
  because	
  undigested	
  Ub1-­‐76	
  and	
  Ub1-­‐74	
  

modified	
  with	
  GG	
  at	
   a	
   lysine	
   residue	
  have	
   the	
   same	
  molecular	
  weight.	
   	
  Thus,	
   incomplete	
  

digestion	
  of	
  mono	
  Ub	
  would	
  lead	
  to	
  misleading	
  ratios	
  of	
  Ub	
  species.	
  

	
  

5.3.3	
  Monitoring	
  branching	
  in	
  cells	
  

	
   Once	
  the	
  enrichment	
  and	
  digestion	
  conditions	
  are	
  optimized,	
  we	
  plan	
  to	
  apply	
  this	
  

technique	
  to	
  compare	
  levels	
  of	
  Ub	
  branching	
  from	
  MEF	
  cells	
  in	
  the	
  presence	
  and	
  absence	
  of	
  

UchL3.	
   	
  UchL3	
   is	
  known	
  to	
  promote	
   insulin	
  signaling5,	
  but	
   its	
  specific	
  substrate	
   in	
  vivo	
   is	
  

unknown.	
  	
  Our	
  lab	
  has	
  observed	
  that	
  UchL3	
  cleaves	
  Ub	
  trimers	
  branched	
  at	
  K11	
  and	
  K63	
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more	
   rapidly	
   than	
   other	
  Ub	
   trimers	
   in	
  vitro.	
   	
   By	
  monitoring	
   chain	
   branching	
   in	
   cells	
   +/-­‐	
  

UchL3,	
  we	
  can	
  place	
  its	
  hydrolase	
  activity	
  in	
  a	
  biological	
  context.	
  

	
  

5.4	
  Materials	
  and	
  Methods	
  

Ubiquitin	
  expression,	
  purification,	
  and	
  chain	
  formation	
  was	
  carried	
  out	
  as	
  in	
  chapter	
  

4.	
  	
  Basic	
  digestion	
  conditions	
  were	
  carried	
  out	
  as	
  in	
  chapter	
  4,	
  with	
  variations	
  on	
  time	
  and	
  

concentration	
  of	
  Ub	
  as	
  stated	
  above.	
  

5.4.1	
  Expression	
  and	
  purification	
  of	
  UchL3	
  

UchL3	
  C95S	
  and	
  C95A	
  were	
  cloned	
  into	
  pDB.His.MBP	
  with	
  the	
  restriction	
  sites	
  NdeI	
  

and	
   XhoI.	
   	
   Briefly,	
   6xHis-­‐tagged	
  UchL3	
  was	
   expressed	
   in	
  E.	
   coli	
   BL-­‐21	
   cells	
   grown	
   in	
   LB	
  

medium	
  (OD600	
  of	
  0.6)	
  at	
  37	
  0C,	
   induced	
  with	
  IPTG	
  (0.04	
  mM)	
  and	
  grown	
  at	
  16	
  0C	
  (16	
  h).	
  	
  

The	
  6xHis-­‐tagged	
  UchL3	
  was	
  purified	
  by	
  cobalt	
  resin.	
  	
  From	
  half	
  of	
  the	
  eluted	
  sample,	
  the	
  

6xHis-­‐MBP	
   tag	
   was	
   cleaved	
   with	
   TEV	
   protease	
   (4	
   °C,	
   16	
   h)	
   and	
   the	
   protein	
   (with	
   and	
  

without	
  MBP	
  fusion)	
  was	
  further	
  purified	
  by	
  anion	
  exchange	
  chromatography.	
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