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Profiling  the  translational  activity  of  ribosome  subpopulations    

Christopher  C.  Williams  
  

Abstract    
  
Although   recent   advances   in   sequencing   technology  have  enabled  unprecedented   study  of  

gene   expression,   systematic   investigation   of   its   sub-­‐cellular   and   tissue-­‐level   heterogeneity  

remains  a  major  challenge.  With  regard  to  protein  expression,  translational  activity  is  known  

to   vary   in   space   at   different   subcellular   sites,   with   ribosome   composition,   and   over   a  

translational   cycle   through   interactions  with  mRNA  or   ribosome-­‐associated   factors.  Here,   I  

describe  the  development,  validation,  and  application  of  a  genetically  controllable  proximity-­‐

specific   ribosome   profiling   approach   to   monitor   the   translational   activity   of   sub-­‐pools   of  

ribosomes   in   vivo.   Importantly,   it   is   both   comprehensive   and   highly   precise,   enabling  

mechanistic  study  of  the  spatiotemporal  dynamics  of  translation  at  a  genome  scale.    

We   apply   the   this   approach   to   study   local   translation   at   two   broadly   conserved  

subcellular  sites,  the  endoplasmic  reticulum  (ER)  and  mitochondria,  and  also  demonstrate  its  

feasibility  for  specifically  isolating  ribosomes  which  interact  with  soluble  factors.  Study  of  ER  

translation   revealed   that   co-­‐translational   translocation   is   far   more   pervasive   than   was  

previously  thought,  and  that  the   location  of  a  signal  sequence  within  a  protein   is   the  major  

determinant  for  undergoing  this  form  of   import.  Additionally,  dissecting  the  functional  roles  

of  distinct  translocon  complexes  enabled  a  more  sophisticated  understanding  of  how  the  cell  

supports  efficient  co-­‐translational  import  of  a  diverse  set  of  substrates.  Interrogation  of  local  

mRNA   translation   at   the   mitochondrial   outer   membrane   highlights   additional   questions  

whose   study   is   enabled   by   proximity-­‐specific   ribosome   profiling.   We   obtained   direct  

evidence   for   co-­‐translational   import   of   mitochondrial   inner   membrane   proteins   in   vivo,  

resolving   a   decades-­‐long   debate   and   in   the   field   regarding   the   mechanism   of   protein  

insertion.  By  exploiting   the  sensitivity  of   the  approach,  we  confidently   identified  dozens  of  
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unannotated   candidate  mitochondrial   proteins.   Furthermore,  we   demonstrate   the   utility   of  

our  method  for  systematic  study  of  protein  dual  localization  through  synthesis  of  our  ER  and  

mitochondrial  datasets.  The  specificity  of  these  spatially  resolved  proteomic  maps  revealed  a  

novel  ER-­‐form  of  fumarate  reductase,  suggesting  a  mechanism  for  oxidative  folding  in  the  ER  

under  anaerobic  conditions.  At  a  unique  interface  of  gene  expression  and  cell  biology,  future  

applications   of   proximity-­‐specific   ribosome   profiling   will   inform   our   understanding   of  

translational  heterogeneity  within  cells  and  tissues. 
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Introduction  and  review  
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PREFACE    
  
A  hallmark  of  eukaryotic  cells  is  the  presence  of  highly  specialized  subcellular  environments  

including  both  membrane-­‐  and  non-­‐membrane-­‐bound  compartments.   Increasingly,   localized  

protein  synthesis  has  been  shown  to  play  a  critical   role   in  contributing   to   these  subcellular  

structures  by  allowing  protein  production  at  the  site  of  action  and  in  response  to  local  cellular  

need   (Jung   et   al.,   2014).   Local   translation   is   involved   in   diverse   processes   including  

developmental  patterning,  cellular  motility,  synaptic  plasticity,  and  protein  trafficking  through  

the  secretory  pathway   (St   Johnston,  2005).   Indeed,  numerous  microscopy-­‐based  studies  of  

individual  mRNAs  have  demonstrated  a  breadth  of  subcellular  mRNA  localizations.  

Our   characterization   and   understanding   of   the   translational   control   mechanisms  

inherent  to   localized  protein  synthesis  have  been   limited  by  the  methods  available  to  study  

this   process.   Few   high-­‐resolution   tools   are   available   that   faithfully   preserve   the   cellular  

spatial  relationships  necessary  for  the  investigation  of  translation  at  specific  subcellular  sites  

on  a  genome  scale.  More  broadly,  there  are  no  approaches  to  isolate  defined  subpopulations  

of   ribosomes   within   cells,   which   would   enable   systematic   analysis   of   their   translational  

activity   or   compositional   makeup.   Recently,   ribosome   profiling   has   emerged   as   a   global,  

quantitative,   sequencing-­‐based   technique   for  precisely   characterizing  whole-­‐cell   translation  

in  exquisite  detail   (Ingolia  et  al.,  2009).   In  this  work,   I  describe  the  development,  validation,  

and   application  of   a   generalizable   approach   for   labeling   specific   pools   of   ribosomes   in   vivo  

and  precisely  characterizing  their  translational  activity  through  a  ribosome  profiling  readout.  

Chapter   II   describes   the   development   of   the   genetically   controllable   ribosome  

profiling-­‐based   methodology   which   enables   global   investigation   of   translational  

heterogeneity  within  cells.  Chapters  III  and  IV  demonstrate  the  power  and  generality  of  the  

approach   through   application   to   the   study   of   translation   at   two   fundamental   cellular  

locations,   the   endoplasmic   reticulum   (ER)   and   the   mitochondrial   outer   membrane.   The  
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remainder   of   Chapter   I   provides   additional   motivation   by   reviewing   current   models   for  

protein  targeting  to  these  two  organelles.  Finally,  Chapter  V  concludes  with  a  discussion  of  

future   applications   of   proximity-­‐specific   ribosome   profiling,   which   will   inform   our  

understanding  of  regulated  translational  heterogeneity  and  its  functional  consequences.  

  
TRANSLATION  AT  THE  ENDOPLASMIC  RETICULUM  
  
The  ER  represents  an  evolutionarily  conserved  site  of  localized  protein  synthesis  where  20-­‐

40%  of  proteins  in  a  given  eukaryote  enter  the  secretory  pathway  (Ast  and  Schuldiner,  2013).  

In   order   for   secreted,   transmembrane   domain   (TMD)-­‐containing,   and   resident  

endomembrane   proteins   to   enter   this   organelle,   both   regulated   targeting   from   the   cytosol  

and   physical   translocation   across   or   into   the   ER  membrane  must   occur.   Intensive   study   of  

these   processes   over   several   decades   has   revealed   multiple   routes   for   targeting   nascent  

proteins  to  the  ER  and  has  also  elucidated  the  core  translocational  machinery  necessary  for  

import   (Mandon   et   al.,   2013).   These   in-­‐depth   biochemical   and  mechanistic   studies   using   a  

limited  number  of   substrates  provide  an  extensive   theoretical   framework   for   interpretation  

of  our  systematic,  genome-­‐scale  analysis  in  Chapter  III.    

  
ER  targeting  

Targeting   of   proteins   to   the   ER   is   governed   by   signal   sequences   (SSs)   or   TMDs   encoded  

within   nascent   polypeptides,   and   can  occur   either   co-­‐   or   post-­‐translationally.   The  principal  

route   for   co-­‐translational   import   is   thought   to   be   the   signal   recognition   particle   (SRP)-­‐

dependent  pathway,   in  which   translation   is  halted  upon  binding  of  SRP   to  nascent  SSs  and  

resumes  when  the  ribosome  engages  the  translocon  (Ast  and  Schuldiner,  2013).  Subsequent  

to  the  discovery  of  SRP  in  the  1980s  (Walter  and  Blobel,  1980),  it  was  observed  that  certain  

substrates  did  not  form  cytosolic  aggregates  upon  disruption  of  the  SRP-­‐dependent  pathway  

in   vivo   (Ng   et   al.,   1996).   Additionally,   separate   experiments   demonstrated   that   some  
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substrates   are   capable   of   import   into   biochemically   purified  microsomes   in   the   absence   of  

ribosomes  (Panzner  et  al.,  1995;  Randall,  1983).  This  process  was  shown  to  be  dependent  on  

a  ratcheting  action  mediated  by  luminal  chaperones,  although  it  is  unclear  whether  this  ATP-­‐

dependent   process   is   utilized   as   a   driving   force   for   all   forms   of   ER   import   (Brodsky   et   al.,  

1995;  Jermy  et  al.,  2006;  Willer  et  al.,  2003;  Young,  2001).  Together,  these  observations  led  

to  models  of  post-­‐translational  import  pathways  all  categorized  under  the  imprecise  umbrella  

term  “SRP-­‐independent.”  

   In   general,   partitioning   between   the   SRP-­‐dependent   and   -­‐independent   pathways  

remains  poorly  understood.  It  has  been  appreciated  that  some  substrates  fail  to  engage  SRP  

due   to   physical   constraints   of   signal   recognition.   Specifically,   the   C-­‐terminal   targeting  

sequences   found   in   tail-­‐anchored   (TA)   or   very   short   proteins   preclude   co-­‐translational  

recognition   by   SRP   (Ast   and   Schuldiner,   2013).   Indeed,   dedicated   factors   have   been  

identified  which  mediate   the   post-­‐translational   targeting   of   these   substrates   (Schuldiner   et  

al.,  2008;  Stefanovic  and  Hegde,  2007).  Studies  focusing  on  a   limited  number  of  substrates  

suggest  that  SRP  also  fails  to  bind  targeting  sequences  whose  hydrophobicities  fall  below  a  

certain  threshold  (Ng  et  al.,  1996).  This  metric  was  used  recently  to  computationally  predict  

dependence   on   SRP   genome-­‐wide   in   yeast,   revealing   that   an   unexpectedly   large   fraction  

(40%)   target   independent   of   this   factor   (Ast   et   al.,   2013).   Whether   the   import   of   these  

substrates  occurs  concurrently  with  their  synthesis  is  unknown.  

   While   targeting  of  co-­‐translationally   imported  substrates   to   the  ER   is   thought   to  be  

mediated  solely  by  signals  in  nascent  peptides,  localized  translation  in  other  contexts  can  be  

mediated  by  trans-­‐acting  RNA  binding  proteins   (RBPs)  that  recognize  specific  cis  sequences  

in   transcripts   themselves   (Kraut-­‐Cohen   and   Gerst,   2010).   Such   targeted  mRNA   delivery   is  

highly  prevalent  across  cell   types,   ranging   from  other  compartments   in  yeast,   to  Drosophila  

embryos,   plants,   neurons,   and   oligodendrocytes   (Jung   et   al.,   2014;   St   Johnston,   2005).  
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Intriguingly,  several  ER-­‐localized  RBPs  have  been  identified  in  yeast,  including  Bfr1  (Lang  and  

Fridovich-­‐Keil,  2000),  Whi3  (Colomina  et  al.,  2008),  p180  (Cui  et  al.,  2012),  and  Scp160  (Frey  

et   al.,   2001),   and   there   are   several   reports   of   translation-­‐independent   localization   of  

individual   mRNAs   to   the   organelle   across   organisms   (Hermesh   and   Jansen,   2013;   Kraut-­‐

Cohen  and  Gerst,   2010).  While   the   contribution  of  dedicated  mRNA   localization   to  overall  

translation  at  the  ER  remains  unclear,  such  a  redundant  or  alternative  localization  mechanism  

would  be  particularly  appealing  as  an  explanation  for  how  yeast  are  able  to  adapt  to  the  loss  

of  SRP  (Mutka  and  Walter,  2001).  In  Chapter  III  we  argue  that  protein-­‐  and  mRNA-­‐mediated  

localization   are   not   mutually   exclusive,   but   instead   act   in   concert   to   promote   efficient  

translation  at  the  ER.  In  Chapter  V  the  role  of  specific  RBPs  in  ER  translation  is  revisited.  

  
ER  Translocation  

Following   targeting   to   the   ER,   substrates   traverse   or   integrate   into   the   lipid   membrane  

through   a   channel   formed   by   the   conserved   trimeric   Sec61   translocon.   This   core   complex  

may  associate  with  any  of  several  accessory  factors,  including  Sec62,  63,  66,  and  72,  as  well  

as   TRAM   and   TRAP   in  mammals   (Mandon   et   al.,   2013).  Many   peripheral   proteins   are   not  

essential   for   viability,   but   in   many   cases   have   been   shown   to   increase   the   efficiency   of  

translocation  of  specific  substrates  in  vitro.  In  yeast,  the  Sec  proteins  are  thought  to  mediate  

post-­‐translational   import   although   some   have   also   been   implicated   in   co-­‐translational  

translocation   (Mandon   et   al.,   2013).   In   contrast   to   ER   targeting   factors,   most   proteins  

involved  in  translocation  have  been  identified,  but  their  precise  functional  roles  and  how  they  

promote  efficient  translocation  of  specific  sets  of  substrates  remain  unclear.    

In  yeast,  translocation  can  also  occur  through  Ssh1,  a  non-­‐essential  paralog  of  Sec61.  

The   contribution   of   this   alternative   complex   to   translocation   has   not   been   clearly   defined,  

however   several   lines   of   evidence   suggest   that   it   is   functionally   distinct   from   Sec61.   In  
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particular,   it   is   thought   that   Ssh1   specifically   mediates   co-­‐translational   import   due   to  

ribosome  association   and   failure   to   engage  Sec  proteins   in   vitro   (Spiller   and  Stirling,   2011).  

Additionally,  deletion  of  Ssh1  leads  to  growth  impairment  that  cannot  be  rescued  by  ectopic  

over-­‐expression  of  Sec61   (Wittke  et  al.,  2002),  and   this  deletion   is   synthetically   lethal  with  

mutations  in  either  Sec61  or  components  of  the  SRP  pathway  (Finke  et  al.,  1996).  Although  

there   is   limited   evidence   for   substrate   specificity   between   the   two   translocons,   this  

hypothesis  has  also  been  proposed.    

Despite   our   in-­‐depth  mechanistic   and   structural   understanding   of   ER   targeting   and  

translocation,   the   broader   cellular   organization   of   these   trafficking   routes   in   vivo   has  

remained   largely   unexplored.   Experimental   limitations   have   prevented   a   systematic  

characterization  of  substrate  flux  through  the  various  ER  trafficking  pathways  in  unperturbed  

cells.   Similarly,   our   understanding   of   ER   dynamics   remains   limited   due   to   the   difficulty   in  

precisely  monitoring  the  complex  molecular  events  that  occur  at  this  cellular  site.  In  Chapter  

III,  we  apply  proximity-­‐specific  ribosome  profiling  to  comprehensively  interrogate  the  timing  

of   ribosome-­‐nascent   chain   (RNC)   recruitment   to   the   ER   surface,   the   specificity   of   various  

translocon  components   for   individual   secretory  substrates,  and   finally   to  monitor  RNC  fate  

following  translation  termination.    

  
  
TRANSLATION  AT  THE  MITOCHONDRIA  OUTER-­‐MEMBRANE  

Mitochondria  descended  from  a  free-­‐living  α-­‐proteobacterium  that  invaded  or  was  acquired  

by  eukaryotic  cells  during  endosymbiotic  evolution.  Since   this  acquisition,   the  vast  majority  

of  mitochondrial  genes  (93-­‐99%)  were  transferred  to  the  nuclear  genome  for  increased  host  

control  of   the  organelle   (Woodson  and  Chory,  2008).  While  presumably  advantageous,   this  

migration   necessitates   the   proper   targeting   and   intra-­‐organelle   sorting   of   nuclear-­‐encoded  

mitochondrial  proteins.  Additionally,  active  communication  between  the  two  subcellular  sites  
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must  occur  to  coordinate  gene  expression  in  response  to  metabolic  changes,  environmental  

stimuli,   or   fluctuations   in   mitochondrial   copy-­‐number.   Systematic   study   of   the   holistic  

principles   that   govern   these   processes,   and   comparison   to   those   which   apply   to   other  

organelles  or  locations,  would  more  broadly  inform  our  understanding  of  subcellular  protein  

sorting  and  signaling.  

  
Mitochondrial  targeting  and  import  

A   series   of   chaperones   and   channel   complexes   mediate   mitochondrial   import   and   direct  

protein   sorting   to   the  outer  membrane   (OM),   inner  membrane   (IM),   inter-­‐membrane   space  

(IMS),  and  matrix.  The  mitochondrial   targeting  signals   (MTSs)  of  matrix  and   IM  proteins  are  

often   encoded   as   N-­‐terminal,   degenerate   amphipathic   helices   that   depend   on   the   IM  

electrochemical   gradient   to   drive   translocation.   Proteins   destined   to   other   mitochondrial  

compartments   contain   internal   targeting   signals,   which   are   more   variable   and   can   dictate  

which   of   several   import   routes   is   utilized   (Schmidt   et   al.,   2010).   No   dedicated   insertion  

machinery   has   been   identified   for   mitochondrial   OM   TA   proteins.   Instead,   it   has   been  

hypothesized   that   mitochondrial   lipid   composition   is   sufficient   to   facilitate   spontaneous  

insertion  and  that  quality  control  pathways  degrade  those  which  mis-­‐localize   (Okreglak  and  

Walter,  2014).    

There   is   conflicting   evidence   for   whether   import   into   mitochondria   occurs   post-­‐

translationally  on  unfolded  polypeptides  or  concurrent  with  protein  synthesis.  Import  of  fully  

synthesized   proteins   into   mitochondria   was   observed   in   vitro   (Harmey   et   al.,   1977;  

Maccecchini   et   al.,   1979)   and   full-­‐length   protein   precursors   have   been   detected   in   the  

cytosol   (Schülke   et   al.,   1997;   Wienhues   et   al.,   1991).   However,   ribosomes   have   been  

observed  on  the  OM  by  electron  microscopy   (Kellems  et  al.,  1975)  and  studies  using  FISH,  

live-­‐cell  mRNA  localization,  and  microarrays  have  demonstrated  that  many  mRNAs  associate  
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closely  or  co-­‐purify  with  mitochondria   (Marc  et  al.,  2002;  Saint-­‐Georges  et  al.,  2008;  Suissa  

and  Schatz,  1982).  For  some  messages,  this  localization  is  dependent  on  the  RBP  Puf3,  which  

localizes   to   the   mitochondria   but   whose   molecular   function   remains   unclear   (García-­‐

Rodríguez   et   al.,   2007).   Although   these   observations   support   a   role   for   co-­‐translational  

translocation   for   at   least   some   substrates,   this   interpretation   is   confounded   by   the   use   of  

translation  elongation  inhibitors  in  several  of  the  studies;  this  caveat  is  discussed  at  length  in  

Chapter   IV.   Moreover,   no   unifying   determinants   for   this   perplexing   heterogeneity   in  

localization  have  been  established.    

  
Dual  localization  and  proteomics  

One  mechanism  by  which  cells  achieve  functional  diversification  of  gene  products  is  through  

dual  targeting  of  single  proteins  to  distinct  subcellular  sites.  Differentially   localized  proteins  

can   perform   the   same   or   distinct   functions   at   each   locale,   and   the   ratio   of   different   sub-­‐

populations   can   be   regulated   in   response   to   changing   cellular   conditions.   Mechanistically,  

dual   localization   can  mediated   by   the   presence   or   absence   of   a   single   targeting   signal,   or  

through  the  encoding  of  a  single  ambiguous  signal  or  multiple  specific  signals  within  the  same  

polypeptide.   Differential   encoding   of   localization   signals   can   be   achieved   through   any  

combination  of   (i)  gene  duplication  and  paralog-­‐specific  signals,   (ii)   inclusion  or  exclusion  of  

targeting  signals  for  a  single  gene  through  alternate  transcription  initiation  or  splicing,  and  (iii)  

via  alternate  translation  initiation  events  which  result   in  differential  targeting  signals  (Yogev  

and  Pines,  2011).  

   Several  documented  cases  have  been   reported   for  mitochondrial  proteins  with  sub-­‐

populations   in   the   cytosol,   nucleus,   peroxisome,   ER,   chloroplasts,   or   even   separate  

mitochondrial   compartments.   For   example,   the   targeting   signal   of   human   Fis1   can   direct  

localization   to   either   peroxisomes   or   mitochondria,   where   it   can   regulate   local   membrane  
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fission  at  either   site   (Delille   and  Schrader,  2008).   Intriguingly,  many  proteins   found   in  both  

the  mitochondria  and  nucleus  appear  to  function  in  the  control  of  gene  expression,  indicating  

that   dual   targeting   might   enable   crosstalk   between   the   two   compartments   (Duchêne   and  

Giegé,  2012).  Indeed,  there  are  documented  instances  of  this  form  of  signaling,  for  example  

the  LRPPRC  protein   in  humans   (Sasarman  et   al.,  2010),   and   in  Chapter   IV  we   identify  new  

candidate  proteins  for  such  communication.  

   Comprehensive   characterization   of   dually   localized   proteins   through   biochemical  

fractionation   remains   challenging   due   to   impurities   which   confound   subcellular   proteomic  

analysis,  particularly  when  only  a  small  fraction  of  the  protein  resides  in  a  given  compartment  

(Naamati   et   al.,   2009).   More   generally,   comprehensive   cataloging   of   the   mitochondrial  

proteome  has  relied  on  subcellular  proteomics,  phylogenomics,  and  fluorescent  tagging  due  

to   the   difficulty   in   predicting   MTSs.   Thus,   although   sensitive   mass   spectrometry,   yeast  

genetics,   and   improvements   in   biochemical   preparations   have   enabled   the   identification  of  

singly  and  dually  localized  mitochondrial  proteins  over  the  last  decade  (Schmidt  et  al.,  2010),  

there  is  an  obvious  need  for  alternative  and  sensitive  approaches  for  such  characterization.  In  

Chapter  IV,  we  demonstrate  the  utility  of  proximity-­‐specific  ribosome  profiling  for  subcellular  

proteomics,  as  well  as  for  elucidating  fundamental  principles  of  mitochondrial  protein  import  

unaddressable  by  other  methods.  
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Development  of  the  proximity-­‐specific  ribosome  profiling  approach  
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INTRODUCTION  

Genome-­‐wide  approaches  for  studying  the  spatial  control  of  protein  synthesis  have  required  

careful  biochemical   fractionation  of   ribosomes  from  the  compartment  of   interest   (Stephens  

and  Nicchitta,  2007),  or  are  limited  to  bulk  labeling  of  nascent  chains  using  methods  such  as  

RiboPuroMycylation   (David  et  al.,  2012)  or  FUNCAT   (Dieterich  et  al.,  2010).  These  caveats  

have  restricted  both  the  location  of  possible  analyses  as  well  as  the  within-­‐gene  resolution  of  

the  data  obtained.  These  considerations  motivated  us  to  develop  a  generalizable  strategy  to  

globally   monitor   translation   in   a  manner   that   preserves   in   vivo   spatiotemporal   information  

about  the  site  of  synthesis.  Our  approach  involves  the  integration  of  two  separate,  previously  

established  approaches:  ribosome  profiling  and  proximity  biotinylation  (Fig.  3-­‐1A).  

Ribosome   profiling,   the   deep   sequencing   of   ribosome-­‐protected   mRNA   fragments  

(Ingolia   et   al.,   2009),   quantitatively   reports   on   genome-­‐wide   translation   with   sub-­‐codon  

resolution.  Compared  to  approaches  such  as  RNA-­‐seq  that  utilize  transcript  abundance  as  a  

proxy  for  protein  levels,  ribosome  profiling  allows  for  the  direct  monitoring  of  the  process  of  

translation.   The   scale   and   depth   afforded   by   deep   sequencing   make   ribosome   profiling  

particularly   powerful   as   both   an   “omics”   approach   and   as   a   high-­‐precision   tool   for   the  

mechanistic   study   of   the   process   of   protein   synthesis   (Ingolia,   2014).   By   monitoring   the  

translational   activity   of   ribosomes   derived   from   a   subcellular   compartment   of   interest,   we  

reasoned   that   we   could   precisely   map   specific   proteins,   even   codon-­‐resolved   domains   of  

proteins,  to  their  site  of  synthesis.  

To   faithfully   preserve   in   vivo   spatiotemporal   information,   we   utilized   a   proximity  

biotinylation   approach   that   has   been   used   previously   to   characterize   protein-­‐protein  

interactions  in  live  cells  (Fernández-­‐Suárez  et  al.,  2008).  Specifically,  one  protein  of  interest  is  

fused  to  the  Escherichia  coli  biotin  ligase  BirA  and  the  second  to  an  in  vitro-­‐selected  15  amino  

acid  BirA  acceptor  peptide,  termed  an   ‘AviTag.’  Spatial  proximity  of  the  two  fusion  proteins  
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results  in  site-­‐specific  biotinylation  of  the  AviTag  by  BirA.  For  our  application,  we  target  BirA  

to  a  subcellular  compartment  to  selectively  biotinylate  Avi-­‐tagged  ribosomes  in  that  locale,  in  

live   cells   with   all   membranes   and   spatial   relations   intact.   Post-­‐lysis   purification   and  

sequencing   of   biotinylated   ribosome   footprints   then   enables   quantification   of   the  

translational  activity  specific  to  the  subcellular  site  of  interest,  through  analysis  of  gene-­‐  and  

codon-­‐level   enrichments   computed   by   comparison   to   footprints   derived   from   whole-­‐cell  

monosomes.  Together  we  call  this  approach  proximity-­‐specific  ribosome  profiling.  

  

COMPONENTS  OF  PROXIMITY-­‐SPECIFIC  RIBOSOME  PROFILING  

To  establish  the  proximity-­‐specific  ribosome  profiling  method,  we  implemented  the  following  

five   steps:   (a)   introduction  of   a  non-­‐perturbing   ribosome   tag  consisting  of   a  TEV  protease-­‐

cleavable   AviTag;   (b)   genetic   targeting   of   BirA   to   a   subcellular   location   of   interest;   (c)  

temporal   control   of   ribosome   biotinylation   in   vivo;   (d)   inhibition   of   post-­‐lysis   biotinylation;  

and  (e)  selective  isolation  of  biotinylated  ribosomes  and  specific  elution  via  TEV  cleavage  (Fig.  

3-­‐1A).  We  developed  and  validated  these  steps  in  the  budding  yeast  Saccharomyces  cerevisiae  

as  well  as  in  the  human  HEK293  cell  line.    

  
a.  Tagging  the  ribosome  

Informed   by   a   recent   structure   of   the   yeast   80S   ribosome   (Ben-­‐Shem   et   al.,   2011),   we  

expressed   Avi-­‐tagged   versions   of   several   candidate   ribosomal   proteins   with   surface-­‐

accessible  termini.  Our  studies  identified  multiple  subunits  that  when  tagged  and  expressed  

from  their  endogenous   loci,   including  the  natural  3’  UTR,  were   incorporated  into  ribosomes  

and   covered   growth   defects   seen   in   deletion  mutants.   These   included  C-­‐terminally   tagged  

RPL16   and   RPS2   [also   called   uL13   and   uS5   (Ban   et   al.,   2014)],   which   were   used   for  
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subsequent   experiments   (Fig.   3-­‐1B).   N-­‐terminally   tagged   Rpl10a   was   used   for   mammalian  

studies  (Heiman  et  al.,  2008)  (Fig.  2-­‐1A).  

  

b.  BirA  localization  

In  principle,  proximity-­‐specific  ribosome  profiling  enables  the  monitoring  of  translation  at  any  

location  to  which  one  can  target  a  BirA  fusion  protein.  To  validate  our  approach  in  yeast,  we  

constructed   three   different   ER-­‐localized   BirA   fusion   proteins,   as   well   as   cytosolic   and  

mitochondrial   controls   (Fig.   3-­‐1C).   To   broadly   capture   the   translational   activity   of   all   ER-­‐

associated  ribosomes,  we  localized  BirA  to  the  ER  using  the  C-­‐terminal  tail-­‐anchor  (TA)  from  

UBC6   (Kornmann   et   al.,   2009).   To  more   specifically   examine   translation   at   the   two   known  

translocation  entry  points  to  the  ER,  we  fused  BirA  to  SEC63,  a  member  of  the  SEC  complex  

that   specifically   associates   with   the   Sec61   translocon   (Finke   et   al.,   1996),   and   to   SSH1,   a  

paralog   of   the   canonical   Sec61   translocon.   For   the  mitochondrial   studies,   we   used   a   BirA  

fusion   to   OM45,  a   major   constituent   of   the   mitochondrial   outer   membrane   (MOM).   In  

mammalian  cells,  we  utilized  a  BirA  fusion  to  Sec61β  that  uniformly  labeled  the  ER  (Shibata  

et  al.,  2008).   In  all  cases,   the  BirA  fusion  proteins  showed  the  expected   localization   (Fig.  3-­‐

1C;  Fig.  2-­‐1B).    

  
c.  Inducing  biotinylation  

Because   of   the   potential   cycling   of   ribosomes   between   different   cellular   localizations,  

particularly   following   translation   termination,   it   was   critical   to   be   able   to   induce   rapid  

ribosome  biotinylation  while  also  suppressing  constitutive  background  BirA  activity.  Biotin  is  

an   essential   co-­‐factor   for   the   synthesis   of   fatty   acids,   and   thus   cannot   be   omitted   from  

growth   media.   However,   by   titrating   biotin   levels   in   the   growth   media   we   were   able   to  

suppress   BirA   activity   to   undetectable   levels   without   impacting   cell   growth   (Fernández-­‐
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Suárez  et  al.,  2008)  (Fig.  2-­‐2A).  

An   alternative   approach   for   controlling   biotinylation   activity   is   through   the  

introduction  of  mutations,  either  to  the  BirA  enzyme  or  AviTag  substrate,  which  increase  the  

Km  for  biotin  in  the  reaction  above  intracellular  levels  dictated  by  standard  growth  media.  We  

explored  this  approach  using  several  previously  characterized  BirA  mutants.  Although  several  

mutants  did   reduce  background  biotinylation,   the  negative  effects  of   the  mutations  on   the  

kcat  of   labeling  were  found  to  be  prohibitive   (Fig.  2-­‐2C).  Similar  results  were  obtained  when  

testing   mutations   to   the   AviTag   itself   (Fernández-­‐Suárez   et   al.,   2008)   (unpublished   data).  

These  observations  led  us  to  favor  defined  concentrations  of  biotin  in  the  media  as  the  most  

robust  approach  for  rapidly  inducing  biotinylation  in  our  system.    

Indeed,  brief  biotin  pulses  were  sufficient  to  give  a  robust  biotinylation  signal   in   live  

cells  grown  in  biotin-­‐defined  media  (Fig.  2-­‐2B;  Fig.  3-­‐1E)  Together,  this  procedure  allowed  us  

to   achieve   rapid   (on   the   timescale   of   polypeptide   synthesis)   and   efficient   biotinylation   of  

both  our  40S  and  60S  Avi-­‐tagged  ribosomes  using  a  cytosolic  BirA.  In  marked  contrast,  ER-­‐

localized  BirAs  failed  to  label  the  40S  Avi-­‐tagged  ribosomal  subunit  but  retained  the  ability  to  

robustly  label  the  60S  Avi-­‐tagged  subunit  (Fig.  3-­‐1E).  Based  on  the  length  of  our  BirA  tether,  

which   is   too   short   to   allow   biotinylation   of   the   40S   subunit   of   a   docked,   translocating  

ribosome,   this   result   demonstrates   the   specific   biotinylation   of   oriented   translocating  

ribosomes  over  those  that  passively  encounter  the  ER  membrane.  

  
d.  Quenching  post-­‐lysis  biotinylation    

Preserving   the  pattern  of  biotinylation  established   in  vivo  was  paramount   to   the  success  of  

our   method.   However,   subsequent   to   cell   harvesting   and   cryogenic   lysis,   a   substantial  

amount   of   non-­‐specific   biotinylation  was   observed   to   occur   in   lysates   (Fig   3-­‐1D;   Fig.   2-­‐3).  

We  evaluated  three  different  approaches  for  quenching  the  observed  post-­‐lysis  biotinylation:  
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competitive   inhibition   using   excess   Avi-­‐peptide,   chelation   of   biotin   using   streptavidin,   and  

removal  of  ATP  and  biotin  through  by  lysate  de-­‐salting  (Fig.  2-­‐3).  Of  the  approaches  tested,  

lysate   de-­‐salting   proved   to   be   the   most   effective   and   straightforward   approach   for  

attenuating  non-­‐specific  labeling.  

  
e.  Isolating  biotinylated  ribosomes  

Finally,   after   isolation   of   all   cellular   monsomes   from   lysates   using   the   standard   ribosome  

profiling  protocol,  we  sought   to   specifically  purify  biotinylated   ribosomes.  Key   steps   in  our  

optimized  pulldown  procedure   include   the  use  of  high-­‐affinity  magnetic   streptavidin  beads  

over  the  porous  and  thus  less-­‐specific  agarose-­‐based  equivalent,  high-­‐salt  washes  to  reduce  

background,  and  specific  elution  via  a  TEV  protease  site  engineered  into  our  AviTag  handle  

(Fig.  2-­‐4).    

  
CONCLUSION  

With  the  experimental  components  of  proximity-­‐specific  ribosome  profiling  in  place,  we  next  

sought   to  apply  our  method   to  comprehensively   characterize   subcellular   translation  at   two  

fundamental   cellular   compartments:   the   ER   and   the   mitochondria.   This   is   the   focus   of  

Chapters   III   and   IV,   where   we   explore   several   features   of   protein   targeting   to   these  

organelles   that  have   remained  difficult   to  assay  with  other  methodologies.  Together,   these  

chapters   establish   the   utility   of   the   proximity-­‐specific   ribosome   profiling   method   as   a  

comprehensive   yet   high-­‐precision   tool   for   gaining   insight   into   the   complex   principles  

governing   protein   targeting   and   folding   in   vivo,   and   showcase   the   broad   spectrum   of  

experimental  questions  whose  study  it  enables.     
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CHAPTER  THREE  

Principles  of  co-­‐translational  translocation  at  the  endoplasmic  reticulum  
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INTRODUCTION  

The  biochemical  mechanisms  by  which  secretory  proteins   translocate   into   the  ER  are  well-­‐

characterized  and  have  been  elucidated  over  decades,  primarily  through   in  vitro  studies  that  

focused   on   a   single   pathway   and   a   highly   limited   number   of   substrates.   Our   proximity-­‐

specific   ribosome   profiling   approach   provides   a   high-­‐resolution   systems-­‐level   synthesis   of  

how   these   mechanisms   function   together   in   vivo   to   support   efficient   co-­‐translational  

translocation.   We   integrate   our   findings   to   substantially   build   on   (and   even   rethink)   the  

textbook  model   for   translation   at   the   ER   providing   a  more   sophisticated   understanding   of  

how  efficient  targeting  of  diverse  substrates  is  achieved  within  the  cell.  

This  view  was  enabled  by  both  the  depth  and  precision  of  our  measurements.  At  the  

gene-­‐level,  our  analysis  demonstrated  that  co-­‐translational  insertion  into  the  ER  is  principally  

determined   by   the   location   of   the   signal   sequence   within   the   protein,   irrespective   of   the  

protein’s  dependence  on  the  signal   recognition  particle   (SRP),  which  was  widely   thought   to  

be   required   for   co-­‐translational   insertion.     The   codon-­‐level   resolution   intrinsic   to   our   data  

revealed   the   precise   nascent-­‐chain   requirements   for   each   secretory   or   transmembrane  

protein   to  engage   the   translocon   in   vivo.     We   found   that   ribosomes   interact  with   the  SRP-­‐

dependent  translocon  as  soon  as  the  signal  sequence  emerges  from  the  peptide  exit  tunnel  

and,  surprisingly,  that  ribosomes  interact  with  the  SEC  complex  while  the  signal  sequence  is  

still  in  the  exit  tunnel.    This  analysis  also  uncovered  a  novel  class  of  proteins  that  engage  the  

translocon   in  the   looped-­‐conformation  required  for  signal  sequence  processing,  whereas  all  

other   proteins   undergo   a   major   conformational   rearrangement   within   the   translocon   to  

achieve  this  topology.      

  
RESULTS  

Validation  of  proximity-­‐specific  ribosome  profiling  
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We  performed  proximity-­‐specific  ribosome  profiling  in  S.  cerevisiae  using  the  three  different  

ER-­‐localized  BirA   constructs   as  well   as   the   cytosolic   and  mitochondrially-­‐localized   controls  

(Fig.   3-­‐2A),   and   in  mammalian  HEK293   cells   using   an  ER-­‐localized  BirA   fusion  protein.   For  

each   experiment,   brief   treatment   with   the   translation   elongation   inhibitor   cycloheximide  

(CHX),   which   preserves   the   ribosome   position   along   an   mRNA,   was   followed   by   a   biotin  

pulse.   Subsequent   to   processing   and   sequencing,   we   determined   an   enrichment   value   for  

each   gene   by   taking   the   log2   ratio   of   ribosome   footprint   densities   in   the   matched  

streptavidin-­‐pulldown   versus   input   whole-­‐cell   ribosome   profiling   samples.   Enrichment  

metrics  obtained  from  the  same  BirA  were  highly  reproducible  between  replicates  (Fig.  3-­‐2B;  

Ssh1  Pearson  r  =  0.97;  Sec63  Pearson  r  =  0.98).    

   Targeting  of  BirA  to  the  cytosol  yielded  a  narrow  range  of  enrichment  values  (90%  of  

genes   fell   within   -­‐0.2   to   +0.2   log2   enrichment   units)   demonstrating   that  our   protocol   for  

isolating  biotinylated  monosomes  introduced  minimal  bias.  We  detected  a  modest  but  highly  

significant  (p  <  1  x  10-­‐15,  KS-­‐test)  depletion  of  secreted  genes,  consistent  with  the  expected  

lower   accessibility   of   ER-­‐docked   ribosomes.   By   contrast,  BirA   targeted   to   mitochondria  

produced   a   clear   bimodal   distribution,   enriching   for   genes   annotated   to   localize   to   this  

cellular  compartment  (Elstner  et  al.,  2009).  An  in-­‐depth  analysis  of  translation  at  the  MOM  is  

presented   in   an   accompanying   manuscript   (Williams   et   al.).   Targeting   of   BirA   to   the   ER  

membrane   inverted   the   mitochondrial   enrichment   pattern,   cleanly   separating   secreted  

proteins  from  those  synthesized  in  the  cytosol  or  targeted  to  mitochondria.  Ssh1,  Sec63,  and  

Ubc6   ER-­‐localized   BirA   fusion   constructs   all   labeled   ribosomes   translating   similar   sets   of  

secretome  genes   [defined   in   (Ast   et   al.,   2013)],   though  we  observed   striking  differences   in  

the  point  during  translation  at  which  RNCs  interact  with  these  BirA  fusions  (explored  below).  

To   determine   whether   other   gene   categories   were   significantly   overrepresented   in   the  

enriched  populations  of  our  ER  datasets,  we  performed  GO-­‐term  analysis  on  gene  categories  
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in  yeast  and  mammalian  cells  that  were  enriched  above  a  threshold  derived  from  a  receiver  

operator  characteristic  analysis   (Fig.  3-­‐2C;  Fig.  3-­‐2D;  Fig.  3-­‐S1).   In  both  yeast  and  HEK293  

cells,   enriched   gene   sets   were   exclusively   from   the   secretome.   However,   a   substantial  

number  of  mammalian  transcripts  predicted  by  Phobius  (Käll  et  al.,  2004)  to  encode  secretory  

proteins  were   not   enriched   in   our   assay.   This   set   of   genes  was   enriched   in   GO-­‐terms   for  

mitochondria  and  other  locations,  arguing  that  these  proteins  represent  false  positives  in  the  

computationally-­‐predicted  secretory  gene  set.  This  discrepancy  serves  to  highlight  both  the  

sensitivity  and  utility  of  our  approach  for  experimentally  defining  proteins  that  are  targeted  

to  specific  cellular  compartments.    

   We   noted   that   peroxisomal   proteins   exhibited   heterogeneous   ER   translational  

enrichment.  The  peroxisome  is  a  highly  conserved  organelle  responsible  for   lipid  catabolism  

whose  mechanism   of   biogenesis   has   been   controversial.   Specifically,   there   is   evidence   for  

both  de  novo  peroxisome  generation  from  ER-­‐derived  vesicles,  as  well  as  for  derivation  from  

pre-­‐existing  peroxisomes  through  growth  and  fission   (Smith  and  Aitchison,  2013).  Our  data  

reveal   that   16   of   54   yeast   peroxisomal   proteins   showed   clear   co-­‐translational   enrichment.  

Consistent   with   previous   targeted   studies   in   yeast   (van   der   Zand   et   al.,   2010),   a   unifying  

determinant   for   this   ER-­‐targeting   is   the   presence   of   one   or   more   TMDs   —we   found   no  

evidence   for   the   enrichment   of   peroxisomal   matrix   proteins.   Importantly,   this   partitioning  

was   also   seen   in   mammalian   cells   (Fig.   3-­‐S2).   Our   data   thus   suggest   that   the   peroxisome  

obtains   TMD-­‐containing   proteins   from   the   ER   and   matrix   proteins   exclusively   from   the  

cytosol  across  cell  types.  

  
Co-­‐translational  targeting  of  SRP-­‐dependent  and  –independent  substrates  in  vivo  

While   a   subset   of   proteins   are   strictly   reliant   on   SRP   for   ER   targeting,   a   process  which   is  

thought  to  be  obligatorily  co-­‐translational,  import  of  other  proteins  occurs  efficiently  without  
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SRP  when  measured  both   in  vitro  and   in  vivo   (Ast  et  al.,  2013;  Ng  et  al.,  1996).  A   recent   in  

silico  analysis  revealed  that  roughly  40%  of  yeast  secretome  substrates  use  the  less-­‐studied  

SRP-­‐independent   pathway   (Ast   et   al.,   2013).   SRP-­‐independent   translocation   depends   on  

translocon  accessory  factors  as  well  as  the  luminal  chaperone  Kar2/BiP  and  in  vitro  can  occur  

efficiently  after  translation  (Panzner  et  al.,  1995;  Young,  2001)  (Fig.  3-­‐3A).    

Remarkably,   we   found   that   the   vast   majority   of   secretory   proteins   undergo   co-­‐

translational   targeting   in   vivo,   irrespective   of   their   dependence   on   SRP   (Fig.   3-­‐3B).   This  

pattern  held  for  162  genes  experimentally  validated  as  SRP-­‐dependent  or  –independent  (Ast  

et  al.,  2013;  Ng  et  al.,  1996),  as  well  as  for  an  additional  756  genes  whose  SRP-­‐dependence  

was  predicted  using  a  hydropathy-­‐based  analysis  (Ast  et  al.,  2013).    

It  was  a  formal  possibility  that  the  apparent  co-­‐translational  ER  enrichment  of  these  

translating  messages  was  a  result  of  brief  treatment  with  the  translation  elongation  inhibitor  

(CHX)  prior  to  biotinylation,  as  this  provides  extra  time  for  the  RNC  complex  to  engage  the  

translocon.  We  evaluated  this  possibility  by  omitting  translation   inhibitors  and   labeling  with  

biotin  for  one  minute,  a  timescale  comparable  to  a  single  round  of  polypeptide  synthesis.  For  

the   large   majority   of   SRP-­‐dependent   and   –independent   substrates,   levels   of   translational  

enrichment   were   not   dependent   on   CHX   (Fig.   3-­‐3B).   Intriguingly,   ribosomes   translating   a  

small  minority  of  the  SRP-­‐independent  proteins   lost  their  enrichment,  suggesting  that   in  an  

unperturbed  setting  these  proteins  translocate  post-­‐translationally.    

We  thus  conclude  that  SRP-­‐independence  is  not  synonymous  with  post-­‐translational  

translocation;   import  concurrent  with  protein  synthesis   is   the  principal   route   into   the  ER   in  

vivo.  By  effectively  coupling   translation  and   translocation   for   the   large  majority  of  proteins  

entering  the  secretory  pathway,  the  cell  minimizes  the  possible  issues  associated  with  having  

a   cytosolic   cohort   of   un-­‐translocated,   aggregation-­‐prone   proteins   (Brandman   et   al.,   2012).  
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Understanding   how   the   cell   achieves   co-­‐translational   translocation   of   SRP-­‐   independent  

messages  remains  an  open  question.  

  
Comprehensive  analysis  of  co-­‐  versus  post-­‐translational  translocation  in  vivo  

Having   uncoupled   SRP-­‐independence   from   post-­‐translational   translocation,   we   sought   to  

better  understand   the  determinants   for  partitioning  between  the  co-­‐  and  post-­‐translational  

import   pathways.   To   classify   genes   based   on   their   ER   translational   enrichment,   we  

systematically  identified  genes  whose  enrichments  were  dependent  on  CHX  using  a  support  

vector   machine   (SVM)   classifier   trained   to   distinguish   between   roughly   140   proteins  

characterized   empirically   as   being   CHX-­‐dependent   or   -­‐independent   (see   experimental  

methods).  This  SVM  analysis  enabled  us  to  systematically  characterize  the  import  of  proteins  

as   being   either   co-­‐translational   (CHX-­‐independent),   co-­‐translational   translocation   that   is  

dependent  upon  (or  enhanced  by)  treatment  with  a  translation  inhibitor  (CHX-­‐dependent),  or  

obligatorily  post-­‐translational  (dis-­‐enriched)  (Fig.  3-­‐3C).  

Consistent   with   the   above   observations   (Fig.   3-­‐3B),   this   analysis   revealed   that   the  

large  majority   (681   of   837)   of   Phobius-­‐predicted   secretory   genes   are   translated   at   the   ER  

independent  of  CHX.  Of  the  remaining  predicted  secretory  proteins,  63  were  dependent  on  

CHX  for  enrichment,  whereas  93  were  not  enriched  under  any  condition   tested.  The   latter  

dis-­‐enriched  group  contained  nearly  all  of   the   roughly  50  annotated  TA  proteins  whose  C-­‐

terminal  TMDs  preclude   co-­‐translational   recognition   and   that   are   known   to  be   targeted   to  

the  ER  post-­‐translationally  through  the  GET  pathway  (Schuldiner  et  al.,  2008;  Stefanovic  and  

Hegde,  2007).    

What  then  accounts  for  the  remaining  proteins  whose  translocation  is  not  strictly  co-­‐

translational?  The  position  of  an  ER-­‐targeting  signal  within  a  protein  imposes  restrictions  on  

when   during   synthesis   targeting  may   occur,   and   thus  might   be   an   important   determinant.  
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Indeed,   robustly  enriched  CHX-­‐independent   secreted  genes  and  dis-­‐enriched  TA  genes   fall  

on  the  opposite  sides  of  this  spectrum,  with  extreme  N-­‐  and  C-­‐terminal  ER  targeting  signals,  

respectively  (Fig.  3-­‐3D).  Interestingly,  the  targeting  signals  of  proteins  dependent  on  CHX  for  

co-­‐translational   targeting   to   the   ER   fall   in-­‐between   these   two   extremes,   often   present   far  

downstream  in  relation  to  their  overall  gene  length.  In  regard  to  co-­‐translational  recognition  

of  their  targeting  signals,  these  proteins  likely  face  constraints  similar  to  those  of  TA  genes  in  

which  there  is  little  or  no  time  for  the  ribosome  to  reach  the  ER  surface  after  synthesis  of  the  

hydrophobic   TMD.  Given   the   broad   spectrum   of   signal   positions   near   the   C-­‐terminus,   the  

partitioning  of  these  between  the  SEC  and  GET  machineries  is  an  interesting  question.  

Our   SVM   classification   also   revealed   co-­‐translational,   CHX-­‐independent   ER  

enrichment  of  70  genes  for  which  no  hydrophobic  domains  were  detected  by  Phobius   (Fig.  

3-­‐3C).  However,   the  majority  of   these  were  predicted  to  contain  a  hydrophobic  domain  by  

alternate   hydrophobic   prediction   algorithms   (TMHMM   or   SignalP)   (Krogh   et   al.,   2001;  

Petersen   et   al.,   2011)   (Fig.   3-­‐3E).   These   genes   thus   likely   represent   genuine   secretory  

proteins   that   were   missed   by   Phobius,   highlighting   the   value   of   our   studies   as   an  

experimental  complement  to  computational  algorithms  for  globally   identifying  secreted  and  

transmembrane  proteins.    

  
Timing  and  specificity  of  co-­‐translational  targeting  to  the  ER  

We  next  asked  when  during  translation  RNCs  are  recruited  to  the  ER,  which  is  expected  to  

depend  upon  the  mechanism  of  recruitment.  For  example,  SRP  binds  preferentially  to  short  

nascent   chains   containing   cytosolically-­‐accessible   SSs   (Siegel   and  Walter,   1988)   and   halts  

translation  elongation  until  the  RNC  reaches  the  ER.  By  contrast,  SRP-­‐independent  transport  

through   the   SEC   complex   relies   on   a   poorly-­‐understood   network   of   cytosolic   chaperones,  

none  of  which  are  known  to  arrest  translation.  
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In  yeast,  translocation  occurs  through  two  paralogous  channels,  Sec61  and  Ssh1.  The  

essential   Sec61   translocon   associates   either  with   several   accessory   factors,   including   both  

essential   (Sec63  and  Sec62)  and  non-­‐essential   (Sec66  and  Sec72)  peripheral  components  to  

form   the   SEC   complex,   or   separately   with   the   SRP   receptor   (SR).   By   contrast,   the   non-­‐

essential  Ssh1  is  a  simpler  translocon  thought  to  interact  peripherally  only  with  SR  (Jiang  et  

al.,   2008).  We   reasoned   that   fusing   BirA   to   specific   complexes  would   allow   us   to   globally  

monitor   the   timing   and   specificity   of   translocation   of   substrates   through   these   distinct  

translocons  (Fig.  3-­‐4A).  

  
Ssh1  

Ssh1   is   expected   to   receive   RNCs   exclusively   from   SRP   and   should   therefore   only  

interact   with   the   ribosomes   after   the   SS   emerges   from   the   ribosome   peptide   exit   tunnel.  

Consistent  with  this  model,   for  all   secreted  and  TMD  proteins  regardless  of   the   location  of  

their  targeting  sequence,  BirA-­‐Ssh1  enrichment  begins  only  after  the  hydrophobic  domain  is  

fully  accessible  (~60  amino  acids  from  the  start  of  targeting  sequence)  (Kowarik  et  al.,  2002)  

(Fig.  3-­‐4B;  Fig.  3-­‐S3A).    

Type  II  signal  anchors  (SAs)  and  cleavable  SSs  are  oriented  in  a  looped  conformation  

with  their  N-­‐termini  facing  the  cytosol   (Fig.  3-­‐4C).  Models  of  how  SSs  and  SAs  achieve  this  

topology  within  the  translocon  differ  in  the  efficiency  of  RNC  recruitment;  i.e.  the  head-­‐first  

model   stipulates   early   RNC   binding   and   subsequent   signal   inversion,   whereas   looped  

insertion   model   requires   delayed   RNC   binding   in   which   the   nascent   chain   is   correctly  

oriented  before  binding  (Fig.  3-­‐4C).  Studies  of  model  substrates  are  consistent  with  the  head-­‐

first  model   (Devaraneni   et   al.,   2011;  Goder,   2003).   Efficient   targeting   to   Ssh1   immediately  

following  SS  translation  would  necessitate  such  a  mechanism.  Our  studies  revealed  that  the  

timing  of  engagement  was  bimodally  distributed:  the  majority  of  the  secretome  is  efficiently  
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recruited   to   Ssh1   immediately   following   exit   of   the   SS   from   the   ribosome,   however,   a  

prominent  subset  of  proteins  with  cleavable  SSs  engaged  only  after  enough  synthesis  (~120  

amino   acids)   to   allow   the   nascent   chain   to   acquire   a   looped   topology   (Fig.   3-­‐4B,C).   These  

results   argue   that   both   head-­‐first   and   looped-­‐insertion   occur   in   vivo,   depending   on   the  

protein.  Remarkably,  we  found  that  deletion  of  SEC66,  a  nonessential  component  of  the  SEC  

complex,   exclusively   impacts   translocation   of   the   newly   identified   looped-­‐insertion  

substrates   (Fig.   3-­‐4C-­‐E,   Fig.   3-­‐S4).   These   results   illustrate   that   proximity-­‐specific   ribosome  

profiling   is   useful   in   deciphering   how   distinct   translocon   components   enable   the   efficient  

handling  of  diverse  targeting  sequences  and  topologies  (Devaraneni  et  al.,  2011;  Fons,  2003;  

Görlich  et  al.,  1992).  

  
Sec63  

   Sec63  mediates  translocation  in  an  SRP-­‐independent  manner.  Without  SRP-­‐mediated  

translational  pausing  in  the  cytosol,  Sec63  translocation  naïvely  might  have  been  expected  to  

result   in   a   delayed   and   more   broadly   distributed   timing   of   ER   targeting.   Surprisingly,   the  

opposite  was   observed;   Sec63   begins   to   interact  with   RNCs   translating   secretory   proteins  

well  before  the  emergence  of  the  SS  from  the  ribosome  (Fig.  3-­‐4F)  and  maximal  engagement  

occurs  shortly  after  the  SS  is  fully  solvent  accessible.  These  data  suggest  that  Sec63  interacts  

with  ribosomes  through  two  distinct  modes:  one  depends  on  the  presence  of  an  accessible  

SS  and  the  second  reflects  an  interaction  with  ribosomes  while  the  targeting  sequence  is   in  

the   exit   tunnel.   Consistent   with   this   interpretation,   acute   loss   of   SRP   function   using   a  

temperature-­‐sensitive   SRP   allele   (Fig.   3-­‐S5)   did   not   impact   the   early   engagement,   but   did  

compromise  the  late  (post-­‐SS  emergence)  enrichment  (Fig.  3-­‐4G).    

  
Dynamics  of  ER-­‐associated  ribosomes  
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Upon  translation  termination,  ER-­‐associated  ribosomes  can  either  immediately  dissociate  and  

return   to   the   pool   of   cytosolic   ribosomes   or   preferentially   undergo   multiple   rounds   of  

translation  on  ER-­‐associated  mRNAs.  To   investigate  these  dynamics   in  the  context  of   living  

cells,   we   harvested   samples   for   proximity-­‐specific   profiling   after   increasing   lengths   of  

biotinylation  time  in  the  absence  of  CHX.  Enrichment  for  secretory  messages  is  expected  to  

decrease  at  a  rate  proportional  to  the  timescale  at  which  biotinylated  ribosomes,  originating  

from  the  ER,  exchange  into  the  cytosol  and  begin  translating  cytosolic  messages  (Fig.  3-­‐5A).  

We  observed  rapid  collapse  of  our  bimodal  enrichment  distribution   into  a  single  population  

on   the   order   of   minutes,   although   secreted  messages   remain   on   the   enriched   side   of   the  

distribution  at  all  time  points  tested  as  expected  from  continual  biotinylation  of  ER  ribosomes  

(Fig.   3-­‐5B).  Based  on   a  median   gene   length  of   ~425   codons   and   a   translation   rate  of   ~5.5  

codons   per   second   (Bonven   and   Gulløv,   1979),   translation   of   a   single   secretory   protein   is  

expected  to  take  ~77  seconds.  We  thus  conclude  from  these  observations  that  ribosomes  at  

the   yeast   ER   are   highly   dynamic,   freely   exchanging   into   the   cytosol   within   at  most   a   few  

rounds  of  translation.    

  
DISCUSSION  

Here  we  present   a  proximity-­‐based   ribosome  profiling   strategy   that   allows  one   to  monitor  

translation  for  any   location  at  which   it   is  possible  to  target  a  BirA  fusion  protein.  We  apply  

this   strategy   to   dissect   modes   of   co-­‐translational   translocation   into   the   ER.   Nearly   one  

quarter   of   the   proteome   is   imported   into   the   ER   –   accordingly,   this   process   has   been   the  

focus  of   intense  research.  Much  of  this  previous  work,  however,  has  explored  the  behavior  

of   a   small   group  of  model   substrates  often  outside  of   a   cellular   context.  Proximity-­‐specific  

ribosome  profiling  allowed  us  to  simultaneously  probe  the  ER  engagement  of  nascent  chains  

across   the   full   proteome   in   vivo,   in   the   context   of   competing   and   redundant   trafficking  
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pathways.   This   comprehensive   characterization   revealed   several   principles   of   how   cells  

integrate   distinct   targeting   pathways   with   the   translocation   machinery   to   allow   for  

unexpectedly  robust  co-­‐translational  ER  import  of  a  diverse  set  of  substrates.    

Foremost  is  the  critical  role  of  the  timing  of  translation  of  the  ER  targeting  sequence  

relative   to   translation   termination   for   determining   the   propensity   of   a   protein   to   undergo  

import   co-­‐translationally.  This   stands   in   contrast   to   the  view   that   co-­‐translational   import   is  

dictated   by   the   factors   which   mediate   targeting   (e.g.,   SRP).   It   had   previously   been  

appreciated  that  TA  proteins  must  insert  post-­‐translationally  since  the  targeting  sequence  is  

obscured   prior   to   translation   termination.   However,   these   represent   a   single   point   on   a  

broader   spectrum  of   signal   positions.   Proteins  with   targeting  domains   near   the  C-­‐terminus  

typically  are  targeted  as  RNCs  only  when  the  kinetics  of  translation  are  crippled  (Fig.  3-­‐3D).  

By   contrast,   the   predominantly   SRP-­‐independent   (Ast   et   al.,   2013)   set   of   substrates  

containing  N-­‐terminal  SSs  are  robustly  co-­‐translationally  targeted.  Congruently,  we  also  find  

that   the   full   range  of   co-­‐translational   substrates  are  able   to  engage  both   the  essential  SEC  

and  ‘alternate’  Ssh1  translocons.  Moreover,  we  find  that  RNCs  are  able  to   interact  with  the  

SEC   complex   prior   to   SS   exposure,   despite   the   fact   there   are   no   known   mechanisms   for  

coordinating  translation  and  recruitment  to  SEC.    

The   above   findings   suggest   a   model   wherein   a   pioneering   round   of   translation   is  

responsible  for  recruiting  the  RNC  to  the  ER  surface,   following  which  the  message  remains  

tethered  to  the  ER  by  ongoing  translation  by  downstream  ribosomes  (Fig.  3-­‐5C).  Consistent  

with   our   understanding   of   SRP   function,   SRP   likely   plays   a   critical   role   in   establishing  

specificity   and   ensuring   translocation   competency   through   its   ability   to   halt   translation.  

Subsequent   rounds   of   ribosome   initiation   in   the   context   of   this   ER-­‐tethered  mRNA  would  

obviate   the  need   for   SRP   to   survey  every   translation  event,   particularly   for  messages  with  

extensive  downstream  regions  that  can  accommodate  multiple  ribosomes.  Such  a  mechanism  
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is  consistent  with  the  observed  1:50  stoichiometry  of  SRP  to  the  ribosome  (Ogg  and  Walter,  

1995),   and   would   simplify   the   problem   of   cellular   protein   sorting   while   minimizing   the  

toxicity   associated   with   solvent-­‐exposed   hydrophobic   domains.   Indeed,   inhibition   of  

translocation   is   known   to   induce   a   massive   cytoplasmic   stress   response   (Brandman   et   al.,  

2012)  underscoring  the  danger  of  having  ER-­‐targeted  proteins  in  the  cytosol  even  when  they  

can  be  post-­‐translationally  translocated.  

Our   studies   also   revealed   a   novel   class   of   signal   sequences   that   emphasize   an  

intimate   connection   between   the   timing   of   import   and   protein   topology,   mediated   by  

translocon  accessory  factors.  The  bimodal  timing  of  targeting  to  Ssh1  suggests  that  insertion  

can   occur   in   either   a   head-­‐first   or   looped   orientation.   Our   results   implicate   Sec66   in  

mediating  the  import  of  those  proteins  that  undergo  looped  insertion.  This  functionality  may  

be   necessary   for   certain   substrates  whose   insertion   kinetics  would   preclude   re-­‐orientation  

within  the  translocon.  A  clear  future  application  of  our  method  is  probing  the  elusive  roles  of  

other   translocon   accessory   factors,   such   as   TRAM   and   TRAP   in   mammals   (Fons,   2003;  

Görlich  et  al.,  1992).  

A   final   principle   that   emerged   from   our   studies   is   the   dynamic   nature   of   ER-­‐

associated  ribosomes  in  yeast,  which  cycle  readily  between  cellular  compartments.  This  is  in  

contrast   to  evidence   from   in  vitro  exchange  experiments   that   showed   stable   association  of  

the  60S  ribosome  subunit  with  the  mammalian  ER  (Borgese  et  al.,  1973).  It  will  be  interesting  

to  explore  whether  such  a  pattern  holds   in  more  specialized  secretory  cells,  such  as  plasma  

cells,   which   rely   on   efficient   translation   at   the   ER.   Indeed,   electron   micrographs   have  

revealed   the   presence   of   circular   polysomes   (Christensen   et   al.,   1987)   in   these   cells,  

consistent  with  a   ‘closed-­‐loop  model’  of   translation   (Wells  et  al.,  1998)   that   is  presumed  to  

promote  efficient  translation  re-­‐initiation.  
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The   principles   uncovered   here   highlight   the   ability   of   proximity-­‐specific   ribosome  

profiling   to   synergize   with   prior   mechanistic   studies   of   ER   trafficking   pathways.   Diverse  

biological  systems  localize  mRNAs  to  generate  cellular  structure  and  function,  yet  compared  

to  the  ER,  much   less   is  known  about  how  co-­‐translational  protein  trafficking  contributes  to  

asymmetry  at  these  sites.  More  generally,  this  approach  enables  the  profiling  of  subpools  of  

ribosomes  that  interact,  even  transiently,  with  cellular  proteins  of  interest,  e.g.  those  involved  

in   protein   folding,   quality   control,   trafficking,   and   post-­‐translational   modification.   As   a  

flexible,  precise,  and  global  method,  proximity-­‐specific  ribosome  profiling  provides  a  new  tool  

for  exploring  the  interface  between  translation  and  cell  biology.    
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MATERIALS  AND  METHODS  

Except   where   explicitly   noted,   methods   for   yeast   match   those   used   for   the   equivalent  

HEK293T   experiment   or   analysis.   A   complete   list   of   yeast   strains,   cell   lines,   plasmids,   and  

primers  can  be  found  in  Tables  3-­‐1  to  3-­‐4,  respectively.  

  
1  Experimental  

1.1  Strain  construction  

The   endogenous   copies   of   RPL16a,   RPL16b,   and   RPS2   were   C-­‐terminally   tagged   with   an  

engineered  HA-­‐TEV-­‐AviTag   sequence   to  allow   for  detection  by  western  blot,  biotinylation,  

and  specific  elution  after  streptavidin  pulldown  via  TEV  protease  cleavage.  The  3´  UTRs  of  

these   proteins   were   preserved   by   scarless   tagging   using   the   pop-­‐in/pop-­‐out   method  

described  in  (Rothstein,  1991)  with  the  plasmids  p1,  p2,  and  p3.  Yeast  strain  y2  in  which  both  

RPL16  paralogs  were  tagged  was  obtained  by  crossing  and  sporulation  of  the  two  individually  

tagged  paralog  strains.  

Cytosolic   BirA   was   integrated   genomically   at   the   LEU2   locus   and   was   driven   by   a  

PGK1  promoter  (p4).  The  endogenous  copies  of  SEC63  and  OM45  were  C-­‐terminally  tagged  

with   -­‐mVenus-­‐BirA::HIS5  using  p5.  SEC63   is   an   essential   gene   and   the   functionality  of   the  

tagged  copy  was  inferred  from  a  lack  of  growth  defect.  The  SSH1  gene  was  cloned  to  create  

BirA-­‐mVenus-­‐Ssh1::HIS5  (p6)  and  BirA-­‐Heh2-­‐Ssh1::HIS5  (p7)  cassettes,  which  were  used  to  

replace   the   genomic   copy   for   expression   under   the   control   of   the   endogenous   promoter.  

Heh2  contains  a  120  residue,   intrinsically  disordered   linker   (Meinema  et  al.,  2011)  that  was  

reasoned  to  be  less  prone  to  proteolytic  cleavage  than  a  (GS)n  linker  of  an  equivalent  length.  

This   long   linker  was  used  in  the  context  of  Ssh1  to  confirm  that  the  positional  enrichments  

observed  with   the  mVenus   linker   (Fig.   3-­‐4B)  were   not   dependent   on   linker   length   (Fig.   3-­‐

S3A).  Inhibition  of  translocation  is  known  to  induce  a  cystosolic  stress  response,  thus  an  Hsf1  
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reporter  (Brandman  et  al.,  2012)  was  used  to  evaluate  the  functionality  of  tagged  Ssh1  (Fig.  

3-­‐S3B).   To  match   the  expression   level   of   other  ER-­‐localized  BirAs,  BirA-­‐mVenus-­‐ubc6  was  

expressed  under  control  of  the  SEC63  promoter  from  the  HIS3  locus  (p8).    

Deletion   of   SEC66   was   performed   by   one-­‐step   gene   replacement   as   described   in  

(Longtine   et   al.,   1998).   The   temperature   sensitive   allele   of   SEC65   was   introduced   with   a  

sec65-­‐1::KAN  cassette  (a  kind  gift  from  Peter  Walter).  

  

1.2  Cell  line  construction  

HEK293T  cell  lines  were  derived  by  sequential  lentiviral  infection.  Tagged  ribosomal  proteins  

were  expressed  from  the  EF1a  promoter  as  Puro-­‐T2a-­‐AviTag-­‐TEV-­‐HA-­‐mmuRPL10A  (60S)  or  

Puro-­‐T2A-­‐hsRPS2-­‐HA-­‐TEV-­‐AviTag   (40S).   BirA   was   expressed   from   a   Dox-­‐inducible  

promoter   on   the   pINDUCER11   backbone   (Meerbrey   et   al.,   2011).   Cytosolic   BirA   was  

expressed  as  an  N-­‐terminal  3X  FLAG  tag,  whereas  ER-­‐localized  BirA  was  expressed  as  a  3X  

FLAG-­‐mCherry-­‐sec61β   fusion.   pINDUCER11-­‐infected   cells   were   FACS   sorted   to   generate  

stable  polyclonal  cell  lines.  

  
1.3  Microscopy  

The  localization  of  BirA  fusion  proteins  was  assessed  by  live  cell  microscopy  on  a  Spinning-­‐

Disc   confocal.   Black   96   well   glass   (#1.5)   bottom   plates   were   treated   with   0.1   mg/mL  

Concanavalin  A  for  10  minutes.  The  ConA  was  aspirated  and  plates  allowed  to  dry.  200  µL  of  

yeast  cells  grown  to  OD  <  0.2  in  SD  media  were  applied  to  each  well  and  allowed  to  adhere  

for  approximately  15  minutes  before  imaging.  Mammalian  cells  were  cultured  on  glass  (#1.5)  

bottom  35  mm  dishes.    

Plates   were   imaged   on   a   100X   Nikon   Apo   TIRF   1.49   oil   objective.   Images   were  

acquired  from  a  Photometrics  Evolve  EMCCD  attached  to  a  Nikon  Ti-­‐E  microscope  equipped  
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with  a  Yokogawa  CSU-­‐22  spinning  disc  in  micromanager.  mVenus  was  excited  by  a  491  nm  

Cobalt   Calypso  DPSS   laser   line,   emission  measured   at   525   nm.  mCherry   fluorescence  was  

excited  by  a  561  nm  Coherent  Sapphire  DPSS  laser  line,  emission  measured  at  610  nm.  

  
1.4  Media  and  growth  conditions  

a.  Yeast    

To   prevent   constitutive   biotinylation,   yeast   were   grown   in   biotin-­‐free,   synthetic   defined  

media   (1.7   g/L   YNB-­‐Biotin   [Sunrise   Science   Products],   5   g/L   Ammonium   sulfate,   20   g/L  

dextrose,  complete  amino  acids)  supplemented  with  d-­‐biotin  (Sigma)  to  a  final  concentration  

of   0.125   ng/mL,   at   30°C   with   vigorous   shaking.   Under   these   conditions,   steady-­‐state  

ribosome   biotinylation   was   undetectable   and   we   observed   minimal   impact   on   log-­‐phase  

doubling  time,  although  the  OD600  at  which  saturation  occurred  was  lowered  to  roughly  2-­‐3  

(Fig.  2-­‐2).  In  a  typical  sequencing  experiment,  25-­‐50  mL  of  an  overnight  culture  was  used  to  

inoculate  a  300-­‐750  mL  culture  at  an  OD600  of  0.05-­‐0.1,  and  biotin  induction  was  performed  

at  mid-­‐log  phase  with  an  OD600  of  0.6-­‐0.8.  

   Growth  of  the  yeast  strain  y12  expressing  the  sec65-­‐1  temperature-­‐sensitive  allele  of  

SEC65  (Stirling  et  al.,  1992)  was  carried  out  as  above  at  the  permissive  temperature  of  25°C.  

To   test   the   effect   of   acute   loss   of   SRP,   cultures   were   shifted   to   the   non-­‐permissive  

temperature  of  37°C  for  30  minutes  prior  to  biotin  induction,  using  a  water  bath  to  ensure  a  

rapid  temperature  transition.       

  
b.  HEK293T  

Fetal   bovine   serum   was   depleted   of   biotin   with   strep-­‐tactin   sepharose   (IBA).   Four   mL   of  

strep-­‐tactin   slurry  were  washed   thrice   in   20  mL   PBS   then   incubated  with   150  mL   FBS   at  

room  temperature  for  2.5  hours.  Strep-­‐tactin  beads  were  pelleted  at  300  x  g  for  four  minutes  
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and  the  supernatant  filtered.  Cells  were  cultured  in  DMEM  with  10%  biotin-­‐depleted  FBS,  2  

mM  L-­‐Glutamine  and  100  ng/µL  doxycycline  (Sigma).    

  
1.5  Biotin  induction  and  harvesting  

Biotin   induction   was   carried   out   at   mid-­‐log   phase   either   in   the   presence   or   absence   of  

cycloheximide   (CHX),   as   required   by   the   experiment.   If   used,   CHX  was   added   to  media   2  

minutes   prior   to   the   addition   of   biotin,   at   a   final   concentration   of   100   µg/mL.   To   induce  

biotinylation,  d-­‐biotin  was  added  to  the  media  to  a  final  concentration  of  10  nM  (50  µM  for  

HEK293T  cells)  and  biotinylation  was  allowed  to  proceed  for  the  desired  amount  of  time  at  

the   same   temperature   as   growth.  We   note   that   this   induction   concentration  maintains   an  

appropriate   balance   between   favorable   biotinylation   kinetics   (Fig.   2-­‐2B)   and   effective  

quenching  of  the  post-­‐lysis  biotinylation  reaction  via  de-­‐salting  (Fig.  2-­‐3C).    

For   large-­‐scale  sequencing  experiments,  cells  were  harvested  by  filtration  onto  0.45  

µm  pore  size  nitrocellulose  filters  (Whatman),  scraped  from  the  membrane,  and  immediately  

submerged   in  ℓN2.  All   times  specified   in   the   text  or  methods   represent   the   total   time  from  

biotin  induction  to  ℓN2.    

For   small-­‐scale  western-­‐blot   experiments,   1  mL   aliquots  were   taken   from   5-­‐10  mL  

induced   cultures   and   placed   into   pre-­‐chilled,   1.5   mL   siliconized   microcentrifuge   tubes.  

Samples  were  then  spun  at  20,000  x  g  at  4°C  for  30  seconds,  the  supernatant  removed,  and  

the  pellet-­‐containing   tubes   immediately  placed   in  ℓN2.  We  note   that   the  use  of   siliconized  

tubes  was  essential  for  efficient  yeast  pelleting  in  synthetic  defined  media.    

  
1.6  Western  blotting  and  biotinylation  quantification  

Lysates  were  prepared  from  pelleted  yeast  (see  1.5)  by  resuspending  frozen  pellets  in  30-­‐50  

µL   Laemmli   buffer,   followed   by   denaturation   at   70°C   for   10   minutes,   and   clarification   at  

room   temperature   by   spinning   at   20,000   x   g   for   10   minutes.   Lysates   from   monosome  



	
   47	
  

aliquots  were  prepared  using   the  appropriate  dilution  with  4x  NuPage  LDS  buffer   (Novex),  

supplemented  with  20  mM  fresh  DTT,  followed  by  denaturation  for  10  minutes  at  70°C,  or  

99°C  if  preparing  from  streptavidin  beads  (e.g.,  for  pulldown  aliquots).    

Adherent  mammalian  cells  were  rinsed  in  ice  cold  PBS  and  lysed  directly  in  plates  in  

polysome  lysis  buffer  (20  mM  Tris  pH  7.5,  150  mM  NaCl,  5  MgCl2,  2%  Triton  X-­‐100,  1  mM  

DTT)  on  ice  for  5  minutes  and  clarified  by  spinning  at  20,000  x  g  for  5  minutes.  Lysates  were  

then  denatured  in  NuPAGE  LDS  supplemented  with  20  mM  DTT  at  70°C  for  10  minutes.  

Lysates  were  run  on  4-­‐12%  Bis-­‐tris  gels,   transferred  to  PDVF  membranes  using  the  

XCell   II   system   (Invitrogen)   according   to   the   manufacturer’s   instructions,   blocked   with  

Odyssey  blocking  buffer,  and  subsequently  probed.  The  HA  epitope  tag  was  detected  using  a  

mouse  anti-­‐HA  antibody  at  a  1:5,000  dilution  (Roche  12CA5)  or  the  high-­‐affinity  rat  anti-­‐HA  

antibody  at  a  1:1,000  dilution  (Roche  3F10).  Licor  IRDye800  anti-­‐mouse  (Odyssey),  or  IR800  

anti-­‐rat   (Rockland)   secondary   antibodies   were   then   used   at   1:20,000   or   1:5,000   dilutions,  

respectively.  Biotin  was  detected  directly   (Fig.  3-­‐1D,  Fig.  2-­‐3)  using  Streptavidin  AlexaFluor  

680  (Molecular  Probes)  at  a  1:5,000  dilution  in  TBST  and  a  10  minute  incubation  period.  This  

was   carried  out  either  directly   after  blocking  or  probing  with   secondary   antibody.  All   blots  

were  visualized  using  the  Licor  (Odyssey)  system.  

Percent  biotinylation  was  quantified  by  probing  for  HA  in  a  streptavidin  shift  assay,  in  

which   clarified   lysates   were   mixed   with   excess   unlabeled   streptavidin   (Rockland)   prior   to  

electrophoresis  and  immunoblotting.  Biotinylated  AviTags  shift  to  a  higher  molecular  weight  

than   the  corresponding,  non-­‐biotinylated  AviTags,   and  percent  biotinylation  was  computed  

from  the  fraction  of  total  signal  (shifted  +  unshifted)  that  was  shifted.  

  
1.7  Monosome  isolation  and  lysate  desalting    

a.  Yeast  
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In  a  typical  experiment,  650  µL  of  polysome  lysis  buffer   (20  mM  Tris  pH  8.0,  140  mM  KCl,  

1.5  mM  MgCl2,  100  µg/mL  CHX,  1%  Triton  X-­‐100)  was  dripped   into  a  50  mL  conical   tube  

filled  with  and   immersed   in  ℓN2,  containing   the  harvested  yeast   strip/pellet   from  a  mid-­‐log  

phase   300   mL   biotin-­‐induced   culture   (see   1.5).   The   frozen   cell,   buffer   mixture   was  

cryogenically  pulverized  for  six,  three  minute  x  15  Hz  cycles  on  a  Retsch  MM301  mixer  mill.  

Sample  chambers  were  pre-­‐chilled  in  ℓN2  and  re-­‐chilled  between  each  cycle.    

Upon   thawing,   a   substantial   amount   of   non-­‐specific   post-­‐lysis   biotinylation   was  

observed  at  temperatures  above  4°C.  Pulverized  cells  were  thus  thawed  and  kept  as  close  to  

0-­‐4°C  as  possible  prior  to  a  very  brief  clarification  step  performed  by  spinning  for  2  minutes  

at   4°C   and   20,000   x   g   on   a   tabletop   centrifuge.   The   supernatant   was   then   immediately  

loaded   onto   pre-­‐chilled,   2   mL   Zeba   de-­‐salt   spin   column   previously   equilibrated   with  

polysome  gradient  buffer  (20  mM  Tris  pH  8.0,  140  mM  KCl,  5  mM  MgCl2,  100  µg/mL  CHX,  

0.5  mM  DTT)  according  to  the  manufacturer’s  instructions.  This  step  depletes  the  lysates  of  

biotin  and  ATP,  effectively  quenching  the  post-­‐lysis  biotinylation  reaction  (Fig.  3-­‐1D,  2-­‐2C).  

Aliquots  of  this  extract  were  flash-­‐frozen  in  ℓN2,  typical  yields  were  0.5-­‐1  mL  of  extract  with  

A260  of  100-­‐300.    

A  200  µL  aliquot  of  the  above  lysate  was  treated  with  7.5  U  RNaseI  (Ambion)  per  50  

A260   units   of   lysate,   and   incubated   for   1   hour   at   room   temperature   on   an   overhead   roller.  

Reactions   were   then   quenched   with   10   µL   SUPERase-­‐In   RNase   inhibitor   (Ambion)   and  

loaded  onto   sucrose   density   gradients   (10-­‐50%  w/v)   prepared  with   the   polysome   gradient  

buffer   described   above.   Gradients   were   made   in   Sw-­‐41   ultracentrifuge   tubes   (Seton  

Scientific)   using   a   BioComp   Gradient   Master   (BioComp   Instruments)   according   to   the  

manufacturer’s  instructions.  Samples  were  spun  for  3  hours  at  4°C  and  35,000  rpm  in  an  Sw-­‐

41  rotor   (Beckmann  Coulter).  Fractionation  was  performed  on   the  Gradient  Master  using  a  

BioRad   EM-­‐1   Econo   UV   monitor   to   continually   monitored   A260   values.   Monosome   peaks  
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were   collected,   flash-­‐frozen   in   ℓN2,   and   stored   at   -­‐80°C.   Typical   yields   were   2-­‐3   mL   of  

monosomes  with  A260  of  2-­‐5.    

  

b.  HEK293T  

Cells  were  rinsed  with  ice-­‐cold  PBS  containing  100  µg/mL  cycloheximide,  then  lysed  directly  

in  15  cm  plates  by  addition  of  800  µL  polysome  lysis  buffer  supplemented  with  100  µg/mL  

CHX,   1U/mL   apyrase   (NEB),   24U/mL   Turbo   DNase   (Ambion).   Cells   were   scraped   and  

collected   into   a   1.5   mL   tube   and   kept   on   ice   for   ~10   minutes.   Lysates   were   cleared   by  

spinning  for  5  minutes  at  4°C  and  20,000  x  g  on  a  tabletop  centrifuge.  The  supernatant  was  

then   immediately   loaded   onto   pre-­‐chilled,   2   mL   Zeba   de-­‐salt   spin   column   previously  

equilibrated  with  polysome  gradient  buffer  (20  mM  Tris  pH  7.5,  150  mM  NaCl,  5  mM  MgCl2,  

100  µg/mL  CHX,  1  mM  DTT)  according  to  the  manufacturer’s  instructions.    

  
1.8  Streptavidin  pulldown  of  biotinylated  ribosomes  

Biotinylated   ribosomes   were   isolated   from   the   total   monosome   fraction   (see   1.7)   using  

MyOne  streptavidin  C1  magnetic  DynaBeads  (Invitrogen).  We  note  that  the  use  of  magnetic  

beads   resulted   in   significantly   less   non-­‐specific   binding   as   compared   to   the   agarose-­‐bead-­‐

based  equivalent  (Fig.  2-­‐4).  The  volume  of  beads  used  per  pulldown  was  scaled  based  on  187  

µL   (1.87   mg)   beads   per   15   pmol   of   biotinylated   ribosomes,   as   estimated   from   the  

manufacturer’s   instructions.   The   pmol   of   biotinylated   ribosomes   in   a   given   volume   was  

calculated   from   (i)   the   fraction   of   biotinylated   ribosomes   as   estimated   from   a   streptavidin  

shift   assay   (see   1.6)   and   (ii)   the   total   concentration   of   80S   ribosomes   in   the   fraction,  

determined  by  the  A260  and  using  an  extinction  coefficient  of  5  x  107  cm-­‐1M-­‐1   (Algire  et  al.,  

2002).  
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Prior   to   binding,   beads  were  washed  2x  with   one   volume   (equal   to   the   initial   bead  

volume)  of  Buffer  A  (100  mM  NaOH,  50  mM  NaCl),  1x  with  one  volume  of  Buffer  B  (100  mM  

NaCl),   and  1x  with  one  volume  of   low-­‐salt  binding  Buffer  C   (20  mM  Tris  pH  8.0,  140  mM  

KCl,   5  mM  MgCl2,   100   µg/mL   CHX,   0.5  mM  DTT,   0.1%   Triton   X-­‐100).   Triton   X-­‐100  was  

added   to   monosome   fractions   containing   15   pmol   of   biotinylated   ribosomes,   to   a   final  

concentration   of   0.01%.   This   solution  was   added   to  washed   beads   and   the   pulldown  was  

allowed  to  proceed  on  an  overhead  roller  for  1  hr  at  4°C.  The  supernatant  was  removed  and  

the  beads  were  washed  3x  with  1  mL  high-­‐salt  wash  Buffer  D  (20  mM  Tris  pH  8.0,  500  mM  

KCl,  5  mM  MgCl2,  100  µg/mL  CHX,  0.5  mM  DTT,  0.1%  Triton  X-­‐100),  each  for  20  minutes  at  

4°C.  After  the  third  wash,  beads  were  re-­‐equilibrated  in  low-­‐salt  Buffer  C  by  resuspension  in  

1  mL,  then  transferred  to  a  new  tube  and  resuspended  in  a  smaller  volume  (200  µL)  of  Buffer  

C   in   preparation   for   elution   by   TEV   protease   cleavage.   Cleavage   was   performed   by  

incubation   on   a   nutator  with   in-­‐house   TEV   protease   for   1   hr   at   room   temperature.   Three  

volumes  of  Trizol  LS  (Ambion)  were  added  to  both  the  TEV  eluate  and  a  separate,  matched  

input  sample  consisting  of  10-­‐20  pmol  of  total  monosomes.  

  
1.9  Library  generation    

10-­‐20  pmol  of  monosomes  in  Trizol  LS  were  extracted  using  200  µL  chloroform  per  750  µL  

Trizol  LS.  RNA  was  precipitated  for  at  least  1  hour  at  -­‐30°C  using  GlycoBlue  (Invitrogen)  and  

an   equal   volume   of   isopropanol,   pelleted,   resuspended   in   10   µL   nuclease-­‐free   water,   and  

resolved   on   a   10   or   15%   TBE-­‐urea   gel.   Oligoribonucelotide   size   standards   in   neighboring  

lanes  were  used  to  excise  roughly  24-­‐32  nt  ribosome  footprints,  which  were  passively  eluted  

overnight  at  4°C  in  200-­‐400  µL  0.3  M  NaCl.    

Ribosome  footprints  were  then  precipitated  with  GlycoBlue  and  2.5  volumes  ethanol,  

resuspended   directly   in   8   µL   1.25x   T4   polynucleotide   kinase   (PNK)   buffer   (New   England  
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Biolabs  [NEB]),  and  dephosphorylated  with  2  µL  PNK  for  1  hour  at  37˚C.  This  solution  was  

used  directly  for  ligation  to  0.5  µg  3’  miRNA  cloning  linker  1  (Integrated  DNA  Technologies)  

upon  addition  of  8  µL  50%  PEG   (NEB),  1  µL  10x   truncated  T4  RNA   ligase  2  K227Q   (rnl2)  

buffer   (NEB),   and   in-­‐house   rnl2   enzyme.   Ligation   proceeded   for   3   hours   at   25°C   at  which  

point   RNA  was   precipitated   for   at   least   1   hour   at   -­‐30°C,   purified   on   a   10%  TBE-­‐urea   gel,  

eluted,  and  precipitated  as  above.    

rRNA   contaminants  were   removed   from   ligation   products   as   described   (Brar   et   al.,  

2012)   for   yeast   or   using   the  Ribo-­‐Zero   kit   (Epicentre)   for  mammalian   cells.   rRNA-­‐depleted  

ligation   products  were   then   reverse-­‐transcribed   in   a   16.7  µL   reaction   using   SuperScript   III  

(Invitrogen)   for  30  minutes  at  48°C.  RNA  template  was  hydrolyzed   for  20  minutes  at  98°C  

after  addition  of  1/10  volume  1  M  NaOH.  Equi-­‐molar  HCl  was  added  to  quench  the  reaction  

and   cDNAs  were   precipitated   at   -­‐30°C   for   at   least   1   hour   and   subsequently   purified   on   a  

10%  TBE-­‐urea   gel,   eluted  overnight,   precipitated,   and   resuspended   in   15  µL   nuclease-­‐free  

water.  

   cDNAs  were  circularized  using  CircLigase  (Epicentre)  in  a  20  µL  reaction  for  1.5  hours  

at  60°C  according  to  the  manufacturer’s  instructions.  Circularized  products  were  amplified  by  

8-­‐16  cycles  of  PCR  using  oNTI231  and  any  of  several   Illumina   indexing  primers   (IDT)  using  

Phusion  polymerase  (Finnzymes)  in  a  17  µL  reaction.  PCR  amplicons  were  gel  purified  on  8%  

non-­‐denaturing  TBE  gels,  eluted,  precipitated,  resuspended  in  10  µL  EB,  and  quantified  using  

the   Bioanalyzer   High   Sensitivity   DNA   assay   (Agilent   Technologies).   2   nM   dilutions   were  

multiplexed  as  needed  and  sequenced  via  a  single-­‐end  run  on  an  Illumina  HiSeq  sequencer,  

using  version  3  clustering  and  sequencing  kits  with  a  6-­‐cycle  index  read  (Illumina).  

  
2  Computational  analyses  

2.1  Footprint  sequence  alignment  
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Sequencing   reads   were   demultiplexed   and   stripped   of   3´   cloning   adapters   using   in-­‐house  

scripts.  Reads  shorter   than  18  nt   long  were  discarded  and   the   remainder  were  and  aligned  

using  Bowtie   0.12.9   (Langmead   et   al.,   2009).   For   all   yeast   experiments   the  UCSC   sacCer3  

genome  and  annotations  (April  2011)  were  used.  Reads  were  mapped  sequentially  to  Bowtie  

indices   composed   of   rRNAs,   tRNAs,   and   finally   all   chromosomes.   Only   uniquely-­‐mapped,  

zero-­‐mismatch   reads   from  the   final  genomic  alignment  were  used   for  subsequent  analyses.  

These   alignments  were   assigned   to   a   specific   P-­‐site   nucleotide,   scaled   according   to   length  

based  on  a  15-­‐nt  offset  from  the  3´  end  of  reads.  

  
2.2  Gene  enrichments    

Gene-­‐level   enrichments   were   computed   by   taking   the   log2   ratio   of   biotinylated   footprint  

density   (reads   per   million)   within   a   gene   coding   sequence   (CDS)   over   the   corresponding  

density  in  the  matched  input  ribosome  profiling  experiment.  Yeast  genes  were  excluded  from  

all   analyses   if   they   met   any   of   the   following   criteria:   had   fewer   than   100   CDS-­‐mapping  

footprints  in  the  input  sample  of  a  particular  experiment;  annotated  as  ‘dubious’  in  the  SGD  

database;   CDS   overlaps   another   same-­‐strand   CDS;   gene   maps   to   the   mitochondrial  

chromosome.   Additionally,   with   the   exception   of   Fig.   3-­‐3,   genes   classified   as   being   CHX-­‐

dependent  for  co-­‐translational  ER  enrichment  were  excluded  from  all  analyses.  

  
2.3  Gene  ontology  analysis  

The   threshold   to   determine   the   enriched   gene   set   was   determined   by   ROC   analysis.   The  

secretome   (yeast)   or   set   of   Phobius-­‐predicted   proteins   (HEK293T)   were   considered   true  

positives.  The   true  negative   set   included  all   genes   that  were  not   in   the   secretome  and  not  

predicted  by  Phobius  (Käll  et  al.,  2004),  SignalP  (Petersen  et  al.,  2011)  or  TMHMM  (Krogh  et  

al.,  2001).    
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GO   term   enrichment   was   performed   on   the   set   of   genes   above   the   ROC-­‐defined  

threshold  compared  to  a  background  set  of  all  expressed  genes  with  an  RPKM  ≥  5.  For  the  

HEK293T   dataset,   GO   term   enrichment   was   determined   for   the   Phobius-­‐predicted   genes  

below   threshold   versus   the   background   set.   Enrichments   were   calculated   using   the  

GeneCodis  webtool  (Tabas-­‐Madrid  et  al.,  2012).  

  

2.4  Gene  categorization  

a.  Peroxisomal  annotations  

To   generate   a   comprehensive   list   of   yeast   peroxisomal   genes,   SGD   was   queried   for   S.  

cerevisiae  genes  annotated  with   the  GO  component  name   ‘peroxisome’,  or   any   term  below  

this   on   the   GO   hierarchy.   Transmembrane   domain   annotations   for   these   genes   were  

consolidated  from  Phobius  predictions  (see  2.8)  and  the  UniProtKB  database.    

  
b.  SRP-­‐dependence  

Genes   predicted   as   SRP-­‐dependent   or   -­‐independent   were   taken   from   (Ast   et   al.,   2013).  

Genes  biochemically  validated  as  falling  in  either  category  were  consolidated  from  (Ast  et  al.,  

2013)  and  (Ng  et  al.,  1996).  

  
c.  Mitochondrial  annotations  

Mitochondrial   annotations  were   taken   from   the  mitop2   database   (Elstner   et   al.,   2009)   for  

yeast  and  from  the  MitoCarta  database  (Pagliarini  et  al.,  2008)  for  human.  

  
2.5  CHX-­‐dependence  classifier  

Due   to   the  kinetics  of  biotinylation,   co-­‐translational  ER  enrichment   in   the  absence  of  CHX  

increases  along  the   length  of  a  gene,  confounding  a  simple  fold-­‐change-­‐based  approach  for  

classifying  CHX-­‐dependence.  An  SVM  classifier  was  therefore  implemented  to  systematically  
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and   objectively   characterize   this   phenomena,   using   the   R   package   ‘caret’   (version   5.17-­‐7).  

The   bimodal   distribution   of   log2   gene   enrichments   from   a   Sec63-­‐BirA,   7   minute   +CHX  

biotinylation  experiment  were  fit  to  two  normal  distributions,  and  all  genes  with  enrichments  

greater   than   the   99th   percentile   of   the   dis-­‐enriched   population   (log2   enrichment   of   0.25)  

were  classified  as  CHX-­‐dependent  or  -­‐independent.    

Eight   features  were   used   for   classification:   log2   gene   enrichments   for   one  minute   -­‐

CHX,  two  minute  +CHX,  and  seven  minute  +CHX  libraries;  gene  enrichment  ranks  (computed  

in  the  context  of  all  genes,  not  only  those  classified)  for  one  minute  -­‐CHX,  two  minute  +CHX,  

and  seven  minute  +CHX   libraries;  gene   length;   the  slope  of  enrichment  across  a  gene  CDS  

obtained   from   a   linear   model   fit   (generally   positive   for   CHX-­‐independent   enrichment).  

Features   were   chosen   based   on   their   predictive   ability   as   determined   with   the   recursive  

feature  elimination  utility  in  the  caret  package.    

Our   combined   training   and   test   sets   consisted  of  62  CHX-­‐dependent   and  74  CHX-­‐

independent   genes   which   were   determined   empirically   as   falling   into   either   category   by  

name-­‐blind   inspection  of   the   same   features  used   to   train   the   classifier.  The   final   SVM  was  

trained   on   75%   of   the   empirically-­‐classified   genes,   with   three   rounds   of   10-­‐fold   cross-­‐

validation  using  scaled-­‐feature  values  and  a   linear  kernel   function,  which  outperformed  the  

Gaussian  equivalent.  Testing  on   the   final  25%  of  genes  yielded  zero  classification  error.  Of  

941   enriched   genes,   190   were   classified   as   CHX-­‐dependent   (Fig.   3-­‐3C).   A   full   list   of  

manually-­‐curated   and   SVM-­‐classified   genes   can   be   found   in   Table   S5   of   the   original  

publication.  

  
2.6  Positional  enrichments    

Secretome  genes  were   classified  based  on   the   type   and   location  of   their   first   hydrophobic  

feature  predicted  by  Phobius  as  follows:  cleavable  signal-­‐sequence,  signal  anchor  (first  TMD  
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beginning  within  the  first  60  codons),  or   internal  transmembrane  (first  TMD  beginning  after  

the   first  60  codons).  Genes  were   required   to  have  an  average  of  ≥  3   footprints  per  codon.  

For  each  gene,  the  log2  enrichment  at  each  codon  was  calculated  after  addition  of  a  0.1  RPM  

psuedocount.   For   metagene   analyses,   genes   were   aligned   by   the   first   codon   of   the   first  

hydrophobic   feature   and   the   geometric   mean   of   log2   enrichments   was   calculated   at   each  

codon.    

   The  point  of  enrichment  for  each  gene  was  calculated  by  sliding  a  21  codon  window  

from   the  N-­‐   to  C-­‐terminus  and  maximizing   the  difference  between   the  C-­‐terminal  window  

and   the   N-­‐terminal   window.   The   N-­‐terminus   was   padded   with   ten   codons   of   0   log2  

enrichment  to  allow  for  genes  that  begin  enriched.  Heatmaps  display  genes  sorted  by  their  

point  of  enrichment.    

  
2.7  Sec66-­‐dependent  genes    

Genes  that  were  dependent  on  the  non-­‐essential  SEC  complex  component  Sec66  to  maintain  

robust   co-­‐translational   ER   enrichment   were   identified   by   comparing   the   BirA-­‐Ubc6   ER  

enrichments  obtained  with  a  two  minute  biotin  pulse  in  the  presence  of  CHX,  in  a  wild  type  

strain   (y8)   versus   a   sec66∆   strain   (y13).   log2   enrichments   were   separately   normalized   by  

subtracting  the  mean  enrichment  and  dividing  by  the  standard  deviation  of  enrichments  for  

the   corresponding   experiment.   Genes   were   then   binned   by   the   minimum   number   of  

sequencing   counts   in   either   the   wild   type   or   sec66Δ   input   sample,   and   the   difference  

between   the   normalized   enrichments   in   the   two   samples   was   compared   within   each   bin.  

Negative  outliers  were  defined  as  those  genes  whose  enrichments  decreased   in  the  sec66Δ  

sample  by  at  least  three  standard  deviations  compared  to  the  other  genes  in  that  bin  (Fig.  3-­‐

S4).  A  full  list  of  Sec66-­‐dependent  genes  can  be  found  in  Table  S5  of  the  original  publication.  

  
2.8  Hydrophobic  domain  predictions  
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Except  where  explicitly  noted,   all   hydrophobic  domain  annotations  were  based  on  Phobius  

(Käll   et   al.,   2004)   predictions   using   the   default   settings.   Alternative   predictions   of  

transmembrane   domains   and   signal   peptides   (Fig.   3-­‐3D)   were   based   on   the   output   of  

TMHMM  2.0   (Krogh   et   al.,   2001)   and   SignalP   4.0   (Petersen   et   al.,   2011)   with   the   default  

settings.  
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Supplemental  tables  

Table  3-­‐1.  Yeast  strains  
name   description   parent   MAT   genotype  
y1   Rps2-­‐HA-­‐TEV-­‐AVI   BY4741   a   rps2::RPS2-­‐HA-­‐TEV-­‐AVI  leu2Δ0  ura3Δ0  

met15Δ0  his3Δ1  
y1.1   Rps2-­‐HA-­‐TEV-­‐AVI   BY4742   α   rps2::RPS2-­‐HA-­‐TEV-­‐AVI  ura3Δ0  lys2Δ0  his3Δ1  

leu2Δ0  
y2   Rpl16a-­‐HA-­‐TEV-­‐AVI;  

Rl16b-­‐HA-­‐TEV-­‐AVI  
sporulate

d  
a   rpl16a::RPL16a-­‐HA-­‐TEV-­‐AVI  

rpl16b::RPL16b-­‐HA-­‐TEV-­‐AVI  ura3Δ0  
met15Δ0  his3Δ1  leu2Δ0  

y3   pPGK-­‐BirA  (cytosolic)   BY4741   a   leu2::pPGK1-­‐BirA::LEU2  ura3Δ0  met15Δ0  
his3Δ1  

y4   pPGK-­‐BirA  (cytosolic);  
Rps2-­‐HA-­‐TEV-­‐AVI  

y1   a   rps2::RPS2-­‐HA-­‐TEV-­‐AVI  leu2::pPGK1-­‐
BirA::LEU2  ura3Δ0  met15Δ0  his3Δ1  

y5   pPGK-­‐BirA  (cytosolic);  
Rpl16a/b-­‐HA-­‐TEV-­‐AVI  

y2   a   rpl16a::RPL16a-­‐HA-­‐TEV-­‐AVI  rpl16b::RPL16b-­‐
HA-­‐TEV-­‐AVI  leu2::pPGK1-­‐BirA::LEU2  ura3Δ0  
met15Δ0  his3Δ1  

y6   Sec63-­‐mVenus-­‐BirA;  
Rps2-­‐HA-­‐TEV-­‐AVI  

y1.1   α   sec63::SEC63-­‐mVenus-­‐BirA::HIS5  rps2::RPS2-­‐
HA-­‐TEV-­‐AVI  ura3Δ0  lys2Δ0  his3Δ1  leu2Δ0  

y7   Sec63-­‐mVenus-­‐BirA;  
Rpl16a/b-­‐HA-­‐TEV-­‐AVI  

y2   a   sec63::SEC63-­‐mVenus-­‐BirA::HIS5  
rpl16a::RPL16a-­‐HA-­‐TEV-­‐AVI  rpl16b::RPL16b-­‐
HA-­‐TEV-­‐AVI  ura3Δ0  met15Δ0  his3Δ1  

y8   BirA-­‐mVenus-­‐Ubc6;  
Rpl16a/b-­‐HA-­‐TEV-­‐AVI  

y2   a   his3::pSEC63-­‐BirA-­‐mVenus-­‐UBC6  TA::HIS5    
rpl16a::RPL16a-­‐HA-­‐TEV-­‐AVI  rpl16b::RPL16b-­‐
HA-­‐TEV-­‐AVI  ura3Δ0  met15Δ0  leu2Δ0  

y9   BirA-­‐mVenus-­‐Ssh1;  
Rpl16a/b-­‐HA-­‐TEV-­‐AVI  

y2   a   ssh1::BirA-­‐mVenus-­‐SSH1::HIS5  
rpl16a::RPL16a-­‐HA-­‐TEV-­‐AVI  rpl16b::RPL16b-­‐
HA-­‐TEV-­‐AVI  ura3Δ0  met15Δ0  his3Δ1  

y10   BirA-­‐heh2  linker-­‐Ssh1;  
Rpl16a/b-­‐HA-­‐TEV-­‐AVI  

y2   a   ssh1::BirA-­‐heh2-­‐SSH1::HIS5  rpl16a::RPL16a-­‐
HA-­‐TEV-­‐AVI  rpl16b::RPL16b-­‐HA-­‐TEV-­‐AVI  
ura3Δ0  met15Δ0  his3Δ1  

y11   Om45-­‐mVenus-­‐BirA;  
Rpl16a/b-­‐HA-­‐TEV-­‐AVI  

y2   a   om45::OM45-­‐mVenus-­‐BirA::HIS5  
rpl16a::RPL16a-­‐HA-­‐TEV-­‐AVI  rpl16b::RPL16b-­‐
HA-­‐TEV-­‐AVI  leu2::pPGK1-­‐BirA::LEU2  ura3Δ0  
met15Δ0  his3Δ1  

y12   sec65-­‐1  SRP-­‐ts;  
Sec63-­‐mVenus-­‐BirA;  
Rpl16a/b-­‐HA-­‐TEV-­‐AVI  

y7   a   sec65::sec65-­‐1::KAN  sec63::SEC63-­‐mVenus-­‐
BirA::HIS5  rpl16a::RPL16a-­‐HA-­‐TEV-­‐AVI  
rpl16b::RPL16b-­‐HA-­‐TEV-­‐AVI  ura3Δ0  met15Δ0  
his3Δ1  

y13   sec66Δ;  BirA-­‐mVenus-­‐
Ubc6;  Rpl16a/b-­‐HA-­‐
TEV-­‐AVI  

y8   a   sec66Δ::KAN  his3::pSEC63-­‐BirA-­‐mVenus-­‐UBC6  
TA-­‐HIS5    rpl16a::RPL16a-­‐HA-­‐TEV-­‐AVI  
rpl16b::RPL16b-­‐HA-­‐TEV-­‐AVI  ura3Δ0  met15Δ0  
leu2Δ0  

y14   Hsf1  reporter   BY4741   a   ura3::4x-­‐HSFE-­‐GFP::URA3  leu2Δ0  met15Δ0  
his3Δ1  

y15   BirA-­‐mVenus-­‐Ssh1;  
Hsf1  reporter  

y14   a   ssh1::BirA-­‐mVenus-­‐SSH1::HIS5  ura3::4x-­‐HSFE-­‐
GFP::URA3  leu2Δ0  met15Δ0  his3Δ1  

y16   BirA-­‐heh2  linker-­‐Ssh1;  
Hsf1  reporter  

y14   a   ssh1::BirA-­‐heh2-­‐SSH1::HIS5  ura3::4x-­‐HSFE-­‐
GFP::URA3  leu2Δ0  met15Δ0  his3Δ1  

y17   ssh1Δ;  Hsf1  reporter   y14   a   ssh1Δ::KAN  ura3::4x-­‐HSFE-­‐GFP::URA3  leu2Δ0  
met15Δ0  his3Δ1  
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Table  3-­‐2.  Cell  lines  
name   description   genotype  

293T_1   ATH-­‐mouseRPL10A   pMK1047-­‐puro-­‐ATHmmuRPL10A  lenti  infection  
293T_2   ATH-­‐mouseRPL10A  +  ER  birA   pMK1047-­‐puro-­‐ATHmmuRPL10A  lenti  infection;  

pINDUCER11  3xFLAG-­‐BirA-­‐mCherry-­‐Sec61ß  
infection  

  

Table  3-­‐3.  Plasmids  
name   description  
p1   RPS2  HA-­‐TEV-­‐AVI  pop-­‐in/pop-­‐out  plasmid  
p2   RPL16a  HA-­‐TEV-­‐AVI  pop-­‐in/pop-­‐out  plasmid  
p3   RPL16b  HA-­‐TEV-­‐AVI  pop-­‐in/pop-­‐out  plasmid  
p4   pRS305  pPGK1-­‐BirA::LEU2  
p5   pFA6a  -­‐mVenus-­‐BirA::HIS5  
p6   pFA6a  BirA-­‐mVenus-­‐SSH1::HIS5  
p7   pFA6a  BirA-­‐heh2  linker-­‐SSH1::HIS5  
p8   pFA6a  pSEC63-­‐BirA-­‐mVenus-­‐UBC6-­‐TA::HIS5  
p9   pCJ28  pEF1a-­‐puro-­‐T2A-­‐ATHmmuRPL10A(cDNA)  
p10   pCJ33  N-­‐terminal  3X  FLAG  fused  to  wt  BirA  -­‐  mCherry  -­‐  sec61ß  

  

Table  3-­‐4.  Primers  
name   purpose   sequence  (5'  to  3')  

oGAB11   28mer  size  standard   agucacuuagcgauguacacugacugug/3phos/  

oCJ200   Primer  for  reverse  transcription  of  
sequencing  libraries  

5'/5phos/GATCGTCGGACTGTAGAACTCTGAACCTGTCG/isp18/CA
AGCAGAAGACGGCATACGAGATATTGATGGTGCCTACAG  

oNTI231   Amplification  of  sequencing  libraries,  
paired  with  indexing  primer  

caagcagaagacggcatacga  

Linker  1   3'  Cloning  adaptor  for  RNA  footprints   appctgtaggcaccatcaat/3ddc  

oCW52   C-­‐terminally  tag  SEC63  with  -­‐mVenus-­‐
BirA::HIS5,  forward  primer  

cgatacggatacagaagctgaagatgatgaatcaccagaaATCGGTGACGGTGCTG
GTTT  

oCW53   C-­‐terminally  tag  SEC63  with  -­‐mVenus-­‐
BirA::HIS5,  reverse  primer  

tctaagagctaaaatgaaaaactatactaatcacttatatTGGATGGCGGCGTTAGTA
TC  

oCW304   Replace  genomic  SSH1  with  BirA-­‐
linker-­‐Ssh1::HIS5,  forward  primer  

ttttagcacatttgcccccgccactctccattgttttagtATGAAGGATAACACCGTGC
C  

oCW305   Replace  genomic  SSH1  with  BirA-­‐
linker-­‐Ssh1::HIS5,  reverse  primer  

tcttcttttttgttttccttcttttttttcttttctttgtTGGATGGCGGCGTTAGTATC  

oCW294   Target  SEC63p-­‐BirA-­‐mVenus-­‐
Ubc6::HIS5  to  HIS3  locus,  forward  
primer  

atactaaaaaatgagcaggcaagataaacgaaggcaaagGGTGCTCTCATGCTTCT
TTTC  

oCW252   Target  SEC63p-­‐BirA-­‐mVenus-­‐
Ubc6::HIS5  to  HIS3  locus,  reverse  
primer  

atgtatatatatcgtatgctgcagctttaaataatcggtgTGGATGGCGGCGTTAGTA
TC  

oJD75   Target  pPGK1-­‐BirA::LEU2  to  LEU2  
locus,  forward  primer  

cattattacagccctcttgacctctaatcatgaatgttctcGAGCAGATTGTACTGAGA
G  

oJD76   Target  pPGK1-­‐BirA::LEU2  to  LEU2  
locus,  reverse  primer  

tgagccattagtatcaatttgcttacctgtattcctttaCAGGAAACAGCTATGACCAT
G  

oCW272   Delete  Sec66  with  KAN  MX  cassettee,  
forward  primer  

tacaggaaagaggtacgcacaactacttgagtttgccaatGACATGGAGGCCCAGAA
TAC  

oCW273   Delete  Sec66  with  KAN  MX  cassettee,  
reverse  primer  

cactgaacgagcgaatacatatctttgcacacagtaggcaTGGATGGCGGCGTTAGT
ATC  
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Trafficking  and  plasticity  of  the  mitochondrial  proteome  
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INTRODUCTION  

The  vast  majority  of  mitochondrial  proteins  are  encoded  within  the  nuclear  genome  and  must  

be   targeted   to   their   final   mitochondrial   destination.   Here,   we   utilize   proximity-­‐specific  

ribosome  profiling  to  explore  several  areas  of  protein  targeting  to  the  mitochondria  that  have  

remained  difficult  to  assay  with  other  methodologies.      

First,   our   approach   enabled   us   to   define   an   important   subset   of   proteins   that   are  

targeted   co-­‐translationally   to  mitochondria   in   vivo,   resolving   a   decades-­‐long   debate   in   the  

field   regarding   the  mechanism  of  protein   insertion.  Second,   the   sensitivity  of  our  approach  

enabled  us  to  confidently  identify  dozens  of  previously  unappreciated  proteins  that  target  to  

the  mitochondria,  highlighting  the  utility  of  our  method  as  a  proteomics  tool.  Third,  synthesis  

of   our   mitochondrial   and   endoplasmic   reticulum   (ER)   data   sets   provides   the   first   spatially  

resolved   proteomic   maps   of   proteins   which   target   to   the   two   organelles   in   living   cells,  

without  the  confounding  impurities  associated  with  biochemical  preparations.  Comparison  of  

these  data  emphasized  the  exquisite  specificity  of  co-­‐translational  protein  trafficking   in  vivo  

and   revealed   that   soluble   mitochondrial   proteins   more   readily   evolve   extra-­‐mitochondrial  

localizations  over  time  compared  to  proteins  of  the  secretory  pathway.  Finally,  our  ribosome  

profiling   data   revealed   an   intriguing   mechanism   whereby   alternative   translation   initiation  

sites   enables   localization   of   the   fumarate   reductase   Osm1   to   both   the   mitochondria   and  

ER.    The  discovery  of  an  ER  form  of  Osm1  suggests  an  answer  to  a  long-­‐standing  question  of  

what  drives  oxidative  folding  in  the  ER.  

  
RESULTS  

Mitochondria   are   ancient   membrane-­‐bound   organelles   that   are   derived   from   an  

endosymbiotic   α-­‐proteobacterium.      The   modern   mitochondrial   proteome   is   encoded   by  

genes  that  are  both  eukaryotic  and  prokaryotic  in  origin;  in  Saccharomyces  cerevisiae,  ~99%  of  
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mitochondrial  proteins  are  encoded  in  the  nuclear  genome  (Elstner  et  al.,  2009)  where  they  

comprise  ~15%  of  protein-­‐coding  genes  (Cherry  et  al.,  2012).    These  proteins  are  translated  

in   the   cytosol   and   must   be   sorted   into   the   matrix,   inner   membrane   (IM),   intermembrane  

space  (IMS),  and  outer  membrane  (OM)  by  a  complex  network  of  channels  and  chaperones.    

How  mitochondrial  proteins  evolved  into  nuclear-­‐encoded  genes  is  an  open  question  that  is  

intimately  connected  to  the  mechanism  of  targeting  to  the  organelle.  

While   the   predominant   view   is   that   protein   import   into  mitochondria   occurs   post-­‐

translationally   on   unfolded   polypeptides,   a   role   for   co-­‐translational   translocation   has   been  

suggested  for  some  substrates  (Fox,  2012).    Moreover,  ribosomes  have  been  observed  on  the  

OM  by   electron  microscopy   (Kellems   et   al.,   1975)   and   numerous  mRNAs   associate   closely  

with  mitochondria   (Marc  et  al.,  2002;  Saint-­‐Georges  et  al.,  2008;  Suissa  and  Schatz,  1982),  

suggesting   a   broader   role   for   co-­‐translational   protein   insertion.      However,   those   studies  

generally   employed   translation   elongation   inhibitors,   such   as   cycloheximide   (CHX),   to  

preserve   ribosome   nascent-­‐chain   complexes   (RNCs);   such   reagents   confound   the   co-­‐

translational   interpretation   as   they   increase   the   association   of   RNCs  with  mitochondria   by  

providing   those   containing   exposed   targeting   sequences   an   artificially-­‐prolonged   time   to  

engage  the  translocon.  

To  directly  evaluate  which  proteins  are  translated  on  the  surface  of  mitochondria   in  

an   unperturbed   context,   we   applied   the   proximity-­‐specific   ribosome   profiling   technique  

established  in  the  accompanying  manuscript  (Jan  et  al.,  2014).    This  approach  involves  in  vivo  

biotinylation   of   Avi-­‐tagged   ribosomes   that   are   in   contact   with   a   spatially   localized   biotin  

ligase   (BirA),   followed   by   readout   of   their   translational   activity   by   deep   sequencing   of  

ribosome-­‐protected  fragments.    To  selectively  mark  ribosomes  on  the  mitochondrial  surface,  

we   fused   BirA   to   the   C-­‐terminus   of   OM45,   a   major   component   of   the   OM   (Fig.   4-­‐1A).    

Whereas  a  cytosolic  BirA  was  capable  of  efficiently   labeling  both  Avi-­‐tagged   large   (Rpl16  /  
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uL13)   and   small   (Rps2   /   uS5)   subunits   (Jan   et   al.,   2014),   Om45-­‐BirA   was   only   able   to  

biotinylate   the   large   subunit   indicating   that   labeled   ribosomes   are   constrained   at   the  

mitochondria  with  their  peptide  exit  tunnels  facing  the  OM  (Fig.  4-­‐1B).  This  pattern  was  also  

observed  with  ER-­‐localized  BirA   (Jan  et  al.,  2014),  where  ribosomes  are  constrained  due  to  

translocon-­‐binding  during  co-­‐translational  insertion,  arguing  that  ribosome  marked  by  Om45-­‐

BirA  are  engaged  in  mitochondrial  protein  translocation.    

Proximity-­‐specific   profiling   experiments  were   performed   using   a   brief   (two-­‐minute)  

pulse  of  biotin   in   the   absence  of   any   translation   inhibitors,   to  preserve   the   in   vivo   rates  of  

translation   and   targeting.   Gene   ontology   analysis   confirmed   that   the   enriched   genes  were  

overwhelmingly   mitochondrial   (Fig.   4-­‐S1)   and   a   distinct   subset   of   expressed   mitop2  

mitochondrially   localized  reference  genes   (151/574)  were  co-­‐translationally   targeted  to  the  

mitochondria  (Fig.  4-­‐1C).  This  subset  was  strongly  enriched  for  IM  proteins;  most  IM  proteins  

were   co-­‐translationally   targeted   whereas   only   a   minor   fraction   of   OM,   IMS,   and   matrix  

proteins   were   targeted   as   RNCs   (Fig.   4-­‐1D).      By   virtue   of   their   transmembrane   domains  

(TMDs),   the   IM   proteins   must   simultaneously   avoid   aggregation   in   the   cytosol   and   errant  

integration  into  other  membranes.    Co-­‐translational  insertion  may  minimize  the  potential  for  

toxicity   associated   with   the   accumulation   of   membrane   proteins   in   the   cytosol   and,  

intriguingly,   mirrors   the   SRP-­‐dependent   co-­‐translational   insertion   of   TMD-­‐containing  

proteins  in  the  bacterial  ancestor  of  mitochondria  (Saraogi  and  Shan,  2011).  

Omission  of  translation  elongation  inhibitors  in  the  above  experiments  allowed  us  to  

define  the  proteins  that  are  unambiguously  translated  at  the  mitochondrial  surface.  However,  

this   set   of   genes   represented   a   subset   of   the  mRNAs   that   purify  with  mitochondria   in   the  

presence  of  CHX  (Marc  et  al.,  2002).  We  therefore  reasoned  that  by  providing  a  prolonged  

time   for   RNCs   to   engage   mitochondria,   CHX   pretreatment   would   yield   a   more  

comprehensive   view   of   the   mitochondrial   proteome.   Indeed,   when   we   included   CHX,   we  
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maintained  mitochondrial  specificity  (Fig.  4-­‐S1)  but  observed  a  large  increase  in  the  number  

of   enriched   proteins   (Fig.   4-­‐2A).   For   example,   108/183   mitop2-­‐annotated   matrix   proteins  

were  enriched  (Fig.  4-­‐2B).    

We   focused   on   the   subset   of   genes   that   had   a   high   probability   of   containing   N-­‐

terminal   MTSs,   as   predicted   by   MitoProt   (Claros   and   Vincens,   1996).   The   bimodal  

distribution   of   enrichments   for   this   group   raised   the   question   of   why   some   RNCs   were  

translocation   incompetent.      Certain   genes   related   to   tRNA   function,  VAS1   (Chatton   et   al.,  

1988)   and  TRM1   (Ellis   et   al.,   1989),   were   primarily   transcribed   from   alternative   promoters  

that  remove  their  MTSs  (Fig.  4-­‐S2).    More  striking  was  the  difference  in  protein  size  between  

the  enriched  and  depleted  matrix  proteins.    Examination  of  gene  enrichments  binned  by  ORF  

length  revealed  a  cutoff  of  ~180  codons,  below  which  very  few  RNCs  and  above  which  the  

large  majority  of  RNCs  were  observed  at  the  mitochondria  (Fig.  4-­‐2C).  These  shorter  nascent  

chains  may  be  unavailable  for  targeting  due  to  shielding  by  ribosome-­‐associated  factors,  such  

as  Hsp70s  (Willmund  et  al.,  2013).  Alternatively,  this  could  reflect  a  minimum  length  required  

for   the   efficient   tethering   of   initiation-­‐competent  mRNAs   to  mitochondria  mediated   by   3’  

RNCs,  which  is  required  for  efficient  co-­‐translational  translocation  at  the  ER  (Jan  et  al.,  2014).  

Such  a  model  is  consistent  with  the  observed  N-­‐terminal  (i.e.,  prior  to  residue  180;  Fig.  4-­‐S3)  

enrichment  of  proteins  longer  than  180  codons.    

Regardless  of   the  precise  mechanism  that  prevents  shorter  RNCs  from  reaching  the  

mitochondria,   enrichment   provides   a   sensitive   and   reliable   measurement   of   mitochondrial  

protein   localization  as   the  enriched  genes  were  nearly  exclusively  mitochondrial   (Fig.  4-­‐S1).  

We   identified  36  novel  proteins   translated  at   the  mitochondria  with  no  prior  mitochondrial  

annotation  in  mitop2,  GO,  or  GFP  databases  (Cherry  et  al.,  2012;  Elstner  et  al.,  2009;  Huh  et  

al.,  2003).     On  average,  these  genes  were  no  less-­‐likely  to  contain  predicted  MTSs  than  the  

mitop2  reference  set  (Fig.  4-­‐S1C),  arguing  that  they  are  bona  fide  residents  of  this  organelle  
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(Claros   and  Vincens,   1996).   The   sensitivity  of  proximity-­‐dependent   ribosome  profiling   thus  

complements   fluorescence   and   mass   spectrometry-­‐based   proteomic   approaches   for  

cataloguing  subcellular  protein  localization.      

Among   the   newly   identified   mitochondrial   proteins   was   Hap1,   a   heme-­‐responsive  

transcription  factor  (Guarente  et  al.,  1984),  which  acts  in  the  nucleus.  We  found  that  a  Hap1-­‐

GFP  fusion  expressed  from  the  endogenous  locus  is  found  both  in  the  nucleus,  as  expected,  

and   in   the   mitochondria   as   predicted   by   our   translational   enrichments   (Fig.   4-­‐2D).   Heme  

biosynthesis   occurs   in   the  mitochondria   and   is   regulated  by  Hap1.  Because  MTS-­‐mediated  

import   requires   an   energized   IM,   Hap1   localization   may   allow   for   direct   sensing   of  

mitochondrial  health.  Hap1  sequestration  in  mitochondrial  may  allow  the  cell  to  tune  nuclear  

transcriptional   activity   through  Hap1   localization   (Nargund  et  al.,  2012).  Additionally,  Hap1  

may  have  uncharacterized  functions  within  mitochondria.  

We   next   investigated   the   evolution   of   mitochondrial   protein   localization   among  

paralogs.   Saccharomyces   cerevisiae   underwent   a   whole-­‐genome   duplication   (WGD)   ca.   100  

million  years  ago,  making  it  well  suited  for  exploring  changes  in  protein  localization  between  

paralogs   (termed  ohnologs)   (Wolfe,   2000).  With   the   exception   of   the   IM  proteins,  we   find  

remarkable   fluidity   in   the   targeting   of   ohnologs   to   mitochondria   (Fig.   4-­‐3A).   By   contrast,  

targeting  of  ohnologs  to  the  ER  only  rarely  showed  discrepancies  between  paralog  pairs  (Fig.  

4-­‐3B),  thus  emphasizing  the  relative  plasticity  of  the  mitochondrial  proteome.    Ohnologs  for  

which  only  one  gene  is  mitochondrial  are  evolving  at  nearly  the  same  rate  as  other  pairs  (Fig.  

4-­‐3C),   arguing   against   the   hypothesis   of   single-­‐paralog   gene   death.   IM   and   secreted   TMD  

proteins  reside  in  a  lipid  membrane  and  soluble  secreted  proteins  in  an  oxidizing  environment  

thereby   restricting   the   ability   of   these   proteins   to   function   outside   their   normal  

compartments.  By  contrast,   the  matrix  and  cytosol  have  similar  environments,  which  would  

allow  proteins  to  function  in  either  location.  This  plasticity  between  the  matrix  and  cytosolic  
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proteins  may  have  facilitated  or  have  been  driven  by  the  metabolic  changes  associated  with  a  

switch   toward  preferring   fermentation  over   respiration   that  evolved   following   the  WGD   in  

budding  yeast  (the  Crabtree  effect)  (Thomson  et  al.,  2005).  

We   further   exploited   our   mitochondrial   and   ER   protein   localization   data   sets   to  

explore   the   extent   to   which   individual   proteins   show   dual   localization   between   the   two  

intracellular   sites.   The   tight  physical   association  of   these  organelles  makes   the  biochemical  

preparation   of   pure   mitochondria   and   microsomes   challenging,   confounding   searches   for  

dual-­‐localization   in   such  preparations.   For   example   the  ERMES  complex,  which   tethers   the  

ER   and   mitochondria   (Kornmann   et   al.,   2009),   was   originally   thought   to   be   exclusively  

mitochondrial.   Proximity-­‐specific   ribosome   profiling   of   the   mitochondria   and   ER   correctly  

resolved  components  of  the  ERMES  complex  to  their  respective  compartments,  and  provided  

highly  specific  catalogs  of  proteins  at  each  organelle  (Fig.  4-­‐4A,  4-­‐4B,  4-­‐S4).      

Remarkably,   we   found   that   very   few   proteins   exhibited   dual   localization.     We   find  

most  proteins  with  conflicting  secretory/mitochondrial  annotations  (Cherry  et  al.,  2012)  to  be  

co-­‐translationally  inserted  exclusively  to  the  ER,  although  a  small  subset  are  translated  in  the  

cytosol  and  trafficked  to  one  or  both  compartments,  post-­‐translationally  (Fig.  4-­‐4B).     Among  

the   few   counter   examples  was   the   phosphatase  PTC7,   which   undergoes   alternative   intron  

retention  leading  to  targeting  of  the  spliced  form  to  the  mitochondria  and  the  unspliced  form  

to  the  nuclear  envelope  (Juneau  et  al.,  2009).    

The  fumurate  reductase  OSM1,  also  stood  out  as  being  robustly  targeted  to  both  the  

mitochondria  and  ER.     While  several   studies  suggest   that  Osm1   localizes  exclusively   to   the  

mitochondria   (Enomoto   et   al.,   2002;   Huh   et   al.,   2003;   Muratsubaki   and   Enomoto,   1998),  

high-­‐throughput  studies  hint  at  a  possible  ER  function.  Specifically,  a  genetic-­‐interaction  data  

set   indicated   that   osm1∆   is   synthetic   lethal   with   a   temperature-­‐sensitive   allele   of   ERO1  

(Costanzo  et  al.,  2010),  the  protein  responsible  for  driving  disulfide  bond  formation  in  the  ER.  
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Additionally,   Osm1   was   found   in   the   N-­‐glycoproteome,   consistent   with   its   entry   into   the  

secretory  pathway  (Zielinska  et  al.,  2012).    Quantitative  western  blot  analysis  of  Osm1  with  

or  without   endoglycosidase  H   treatment   revealed   that  Osm1   exists   in   both   a   glycosylated  

and   lower  molecular  weight  unglycosylated  form  consistent  with  a  dual   localization  to  both  

the  ER  and  mitochondria  (Fig.  4-­‐4C).    We  confirmed  this  directly  by  fluorescence  microscopy  

of  GFP-­‐tagged  Osm1  expressed  from  its  endogenous  locus  (Fig  4E).  

Given  the  exquisite  specificity  of  the  vast  majority  of  ER  SSs  and  MTSs,  how  is  that  

Osm1  can  be  efficiently  targeted  to  both  organelles?    Ribosome  profiling  experiments  using  

lactimidomycin  (LTM),  which  leads  to  the  accumulation  of  ribosomes  at  translation  start  sites  

(Stern-­‐Ginossar   et   al.,   2012),   revealed   that  OSM1   possesses   two   functional   in-­‐frame   start  

codons  (Fig.  4-­‐4D).     Intriguingly,  the  longer  and  shorter  forms  are  predicted  to  have  ER  and  

MTS   signals,   respectively.      Mutation   of   the   upstream   methionine   to   alanine   (Met1Ala)   to  

produce   only   the   short   form   resulted   in   strict   mitochondrial   localization   (Fig.   4-­‐4E).   By  

contrast,  the  Met32Ala  mutant,  which  can  only  express  the  long  form,  localized  exclusively  to  

the  ER  (Fig.  4-­‐4E).  The  localization  of  the  Met32Ala  mutant  further  established  the  primacy  

of   ER-­‐trafficking   when   a   protein   contains   both   an   ER   and   a   downstream   mitochondrial  

targeting  sequence.    

Interestingly,   we   found   that   Osm1   homologs,   including   those   of   non-­‐WGD   yeast  

species,   are   predicted   to   contain   signal   sequences   (Byrne   and   Wolfe,   2005)   (Fig.   4-­‐S5),  

emphasizing   the   conserved   ER   localization   of   this   class   of   fumarate   reductases.   Given   the  

synthetic  lethal  interaction  between  a  temperature  sensitive  allele  of  ERO1  and  loss  of  OSM1,  

an   appealing   function   for   this   ER-­‐localized   form   is   to   drive   oxidative   protein   folding.  

Consistent  with  this,  studies  of  oxidative  folding  under  anaerobic  conditions  have  suggested  

that   fumarate   is   the   terminal  electron  acceptor   (Liu  et  al.,  2013)  and     Osm1  generates   free  

oxidized  FAD  via  the  reduction  of  fumarate.  Moreover,  Ero1  is  a  flavoprotein  and  reoxidation  
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of  Ero1  following  disulfide  bond  formation  can  be  driven  by  oxidized  FAD  (Gross  et  al.,  2006;  

Tu  and  Weissman,  2002).  The   identification  of  a  conserved  ER  form  of   fumarate  reductase  

would  thus  provide  a  mechanism  for  generating  free  oxidized  FAD  that  is  directly  accessible  

to  Ero1.  

  
PERSPECTIVE  

Proximity-­‐specific  ribosome  profiling  allowed  us  to  elucidate  several  fundamental  aspects  of  

mitochondrial  biogenesis.    First,  we  discovered  a  major  role  for  co-­‐translational  targeting,  but  

one  that  is  largely  limited  to  IM  proteins.  The  similarity  of  co-­‐translational  insertion  at  the  ER  

and  of  IM  proteins  reveals  a  convergent  paradigm  for  trafficking  of  aggregation-­‐prone  alpha-­‐

helical  TMD-­‐containing  proteins,  though  the  mechanism  responsible  for  IM  proteins  remains  

an  open  question.    Second,  we  show  that  ohnologs  encoding  soluble  proteins  exhibit  a  high  

degree   of   fluidity   in   their   mitochondrial   localization,   facilitating   the   exchange   of   function  

between   the   mitochondrial   matrix   and   the   cytosol.   Third,   we   demonstrate   the   exquisite  

specificity  of  protein  trafficking  to  the  ER  versus  mitochondria  in  vivo.    Our  data  suggest  that  

co-­‐translational   trafficking  occurs  with  higher  fidelity  than  post-­‐translational   targeting,  such  

as   tail   anchor   insertion   (Okreglak   and  Walter,   2014).      How   targeting   factors,   such   as   SRP  

(Akopian  et  al.,  2013)  and  NAC  (Alamo  et  al.,  2011),  act  on  dynamic  and  heterogeneous  RNCs  

to   create   this   specificity   in   vivo   remains   an   important   open   question   that   could   broadly  

inform  our  understanding  of  how  the  cell  achieves  and  exploits  local  mRNA  translation.  
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MATERIALS  AND  METHODS  
  
1  Experimental  

A   complete   list   of   all   yeast   strains,   plasmids,   and   primers   used   in   this   study   are   listed   in  

Tables  4-­‐1  to  4-­‐3,  respectively.  

  
1.1  Strain  construction  

Yeast  strains  expressing  tagged  ribosomal  proteins  and  Om45-­‐BirA  are  described   in   (Jan  et  

al.,   2014).      Hap1   was   chromosomally   tagged   at   its   C-­‐terminus   with   yeast   optimized  
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GFP::HIS5   (Lee   et   al.,   2013)   in  W303-­‐1A,   which   lacks   the   Ty-­‐insertion   present   in   S288C.    

This   strain  was   crossed   to  W303-­‐1B  expressing  Su9-­‐TagBFP   (Okreglak   and  Walter,   2014).  

For   glycosylation   analysis,   Osm1   was   chromosomally   tagged   at   its   C-­‐terminus   with  

3xFLAG::KAN  using  p1.  The  genomic  copy  of  OSM1   in  W303  was  replaced  with  WT,  M1A,  

or   M32A   variants   of   an   Osm1-­‐yoEGFP::LEU2   cassette,   cloned   from   (Lee   et   al.,   2013).  

Chromosomal  integrants  were  verified  with  Sanger  sequencing.    

  
1.2  Media,  proximity-­‐specific  ribosome  profiling  

Growth  and  biotin  induction  were  performed  as  described  in  (Jan  et  al.,  2014).  Biotinylation  

was   allowed   to   proceed   for   two  minutes   before   harvesting,   in   the  presence  or   absence  of  

CHX  as  dictated  by  the  experiment.  

    
1.3  Microscopy  

Black  96  well  glass  (#1.5)  bottom  plates  were  treated  with  0.1  mg/mL  Concanavalin  A  for  10  

minutes.  The  ConA  was  aspirated  and  plates  allowed  to  dry.  200  µL  of  yeast  cells  grown  to  

OD  <  0.2  in  SD  media  were  applied  to  each  well  and  allowed  to  adhere  for  approximately  15  

minutes  before  imaging.    The  localization  of  Hap1  was  assessed  by  live  cell  microscopy  on  a  

widefield   epifluorescence  microscope   illuminated  by   a   SPECTRA  X   light   engine   (lumencor).    

Samples   were   imaged   through   a   100X   Nikon   Plan   Apo   VC   1.4   oil   objective   onto   a   Zyla  

sCMOS   camera   (Andor).      GFP   was   measured   at   475(ex)/521(em)   and   BFP   measured   at  

390(ex)/440(em).  Om45-­‐BirA   and  Osm1   localization  was   determined   by   live   cell   Spinning-­‐

Disc   confocal   microscopy.      Plates   were   imaged   with   a   100X   Nikon   Apo   TIRF   1.49   oil  

objective  onto  Photometrics  Evolve  EMCCD  attached  to  a  Nikon  Ti-­‐E  microscope  equipped  

with  a  Yokogawa  CSU-­‐22  spinning  disc  in  micromanager.  GFP  and  mVenus  were  excited  by  a  

491  nm  Cobalt  Calypso  DPSS  laser  line,  emission  measured  at  525  nm.  mCherry  fluorescence  

was  excited  by  a  561  nm  Coherent  Sapphire  DPSS  laser  line,  emission  measured  at  610  nm.  
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1.4  Glycosylation  analysis  

Yeast   cells   expressing   Osm1-­‐3XFLAG   (y6)   were   grown   to   an   OD600   of   0.6.      1   mL   was  

pelleted  at  20,000xg  for  one  minute,  then  resuspended  in  80  µL  1X  LDS  buffer  (Invitrogen)  

supplemented  with  100  mM  DTT  and  1x  complete  protease   inhibitors   (Roche)  pre-­‐warmed  

to   95°C.      The   lysate   was   incubated   at   95°C   for   five   minutes,   vortexed   and   pelleted   at  

20,000xg  for  eight  minutes.    Five  microliters  of  clarified  lysate  were  supplemented  with  4  µL  

of  0.5M  Sodium  Citrate   (pH  5.5),  10  µL  water  and  1  µL  EndoH   (Roche)  or  water   (negative  

control).  The  reaction  was  incubated  at  37°C  for  one  hour,  then  stopped  by  addition  of  6  µL  

4X   LDS   buffer.      Proteins   were   separated   on   4-­‐12%   NuPAGE   bis-­‐tris   gels,   transferred   to  

PVDF   and   blotted   with   mouse   anti-­‐FLAG   M2   (Sigma)   or   rabbit   anti-­‐PDI.      Binding   was  

detected  with  goat  anti-­‐Mouse  IgG  IR800  and  goat  anti-­‐Rabbit  IgG  Alexa680  and  imaged  on  

an  Odyssey  IR  scanner  (Licor).  

  
2  Computational  analyses  

Alignment  of  ribosome  protected  fragments,  gene  enrichments,  positional  enrichments,  and  

gene  ontology  analysis  were  performed  as  described  (Jan  et  al.,  2014).  

  
2.1  Gene  annotations  

a.  Mitop2  

The   manually   curated   mitochondrial   reference   set   was   downloaded   from   the   mitop2  

database      (http://www.mitop2.de/)   (Elstner   et   al.,   2009).      Mitochondrial   sub-­‐localizations  

were  extracted  from  the  mitop2  reference  set  when  available.  

b.  GO  



	
   79	
  

GO-­‐slim   terms   were   downloaded   from   the   Saccharomyces   Genome   Database  

(http://yeastgenome.org)  and  mined  for  any  gene  that   included  the  search  term  “mito”  as  a  

cellular  component.  

c.  GFP  

Tabular   data   from   the   yeast   GFP   collection   was   downloaded   from  

(http://yeastgfp.yeastgenome.org/)  (Huh  et  al.,  2003).      

d.  Secretome  

The  secretome  was  defined  in  (Ast  et  al.,  2013;  Jan  et  al.,  2014)  

e.  Non-­‐mitochondrial  genes  

The  set  of  non-­‐mitochondrial  genes  was  defined  as  those  absent  from  the  mitop2  reference  

set,   lacking   a   mitochondrial   GO   slim   cellular   component   annotation   and   lacking   a  

mitochondrial  localization  in  the  yeast  GFP  collection.  

f.  Whole  genome  duplication  paralogs  (Ohnologs)  

Paralogs   annotated   as   Ohnologs   were   downloaded   from   the   Yeast   Gene   Order   Browser  

(http://ygob.ucd.ie/)  (Byrne  and  Wolfe,  2005).  

g.  MTS  prediction  

The  probabilities  of  mitochondrial   protein   localization  were  determined  using   the  Mitoprot  

webserver  (http://ihg.gsf.de/ihg/mitoprot.html)  (Claros  and  Vincens,  1996).  

  
2.2  Data  visualization  and  significance  testing  

All   plots  were  generated  by  Python   scripts  using   the  matplotlib   and   seaborn   libraries,   or  R  

scripts  using  the  ggplot2  library.    A  psuedocount  was  added  to  FPKM  measurements  prior  to  

calculating  log2  enrichment  values.  
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SUPPLEMENTARY  FIGURES  
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Supplemental  tables  

Table  4-­‐1.  Yeast  strains  
name   description   background   MAT   genotype  
y1   Rpl16a/b  AVI  +  Om45-­‐

mVenus-­‐BirA  
BY4741   a   om45::OM45-­‐mVenus-­‐BirA::HIS5  rpl16a::RPL16a-­‐HA-­‐TEV-­‐

AVI  rpl16b::RPL16b-­‐HA-­‐TEV-­‐AVI  ura3Δ0  met15Δ0  his3Δ1  
leu2Δ0  

y2   Rpl16a/b  AVI  +  Om45-­‐
mVenus-­‐BirA  +  Su9-­‐
tagBFP  

BY4741   a   om45::OM45-­‐mVenus-­‐BirA::HIS5  rpl16a::RPL16a-­‐HA-­‐TEV-­‐
AVI  rpl16b::RPL16b-­‐HA-­‐TEV-­‐AVI  p1(pRS316-­‐pTDH3-­‐su9-­‐
TagBFP)  ura3Δ0  met15Δ0  his3Δ1  leu2Δ0  

y3   Rps2  AVI  +  Om45-­‐
mVenus-­‐BirA  

BY4741   a   om45::OM45-­‐mVenus-­‐BirA::HIS5  rps2::RPS2-­‐HA-­‐TEV-­‐AVI  
leu2::PGK1p-­‐BirA-­‐LEU2  ura3Δ0  met15Δ0  his3Δ1  

y4   Hap1-­‐yoEGFP   W303-­‐1B   α   hap1::HAP1-­‐yoEGFP::HIS5  leu2-­‐3,112  trp1-­‐1  can1-­‐100  
ura3  

y5   Hap1-­‐yoEGFP;  Su9-­‐BFP   W303   α/a   HAP1/hap1::HAP1-­‐yoEGFP::HIS5  leu2-­‐3,112/leu2-­‐3,112  
trp1-­‐1/trp1-­‐1  can1-­‐100/can1-­‐100  ura3/ura3  p1(pRS316-­‐
pTDH3-­‐su9-­‐TagBFP)  

y6   osm1-­‐3xFLAG   BY4741   a   osm1::OSM1-­‐3xFLAG::KanMX  leu2Δ0  ura3Δ0  met15Δ0  
his3Δ1  

y7   WT  OSM1-­‐GFP   W303-­‐1B   α   osm1::OSM1-­‐yoEGFP::LEU2  sec63::sec63-­‐mCherry-­‐
BirA::HIS5  p1(pRS316-­‐pTDH3-­‐su9-­‐TagBFP)  leu2-­‐3,112  
trp1-­‐1  can1-­‐100  ura3-­‐1  ade2-­‐1  his3-­‐11,15  

y8   M1A  OSM1-­‐GFP   W303-­‐1B   α   osm1::OSM1(M1A)-­‐yoEGFP::LEU2  sec63::sec63-­‐mCherry-­‐
BirA::HIS5  p1(pRS316-­‐pTDH3-­‐su9-­‐TagBFP)  leu2-­‐3,112  
trp1-­‐1  can1-­‐100  ura3-­‐1  ade2-­‐1  his3-­‐11,15  

y9   M32A  OSM1-­‐GFP   W303-­‐1B   α   osm1::OSM1(M32A)-­‐yoEGFP::LEU2  sec63::sec63-­‐mCherry-­‐
BirA::HIS5  p1(pRS316-­‐pTDH3-­‐su9-­‐TagBFP)  leu2-­‐3,112  
trp1-­‐1  can1-­‐100  ura3-­‐1  ade2-­‐1  his3-­‐11,15  

  
  
Table  4-­‐2.  Plasmids  
name   description  
p1   pRS316-­‐pTDH3-­‐Su9-­‐TagBFP  

p2   pCR2.1  linker-­‐tev-­‐linker-­‐3X-­‐FLAG::KanMX  

p3   pFA6a  Osm1-­‐yoEGFP::LEU2  

p4   pFA6a  Osm1(M1A)-­‐yoEGFP::LEU2  

p5   pFA6a  Osm1(M32A)-­‐yoEGFP::LEU2  

p6   pFA6a  -­‐mCherry-­‐BirA::HIS5  

  

Table  4-­‐3.  Primers  
name   purpose   sequence  (5'  to  3')  
oGAB11   28mer  size  standard   agucacuuagcgauguacacugacugug/3phos/  

oCJ200   Primer  for  reverse  transcription  of  
sequencing  libraries  

5'/5phos/GATCGTCGGACTGTAGAACTCTGAACCTGTCG/i
sp18/CAAGCAGAAGACGGCATACGAGATATTGATGGTGC
CTACAG  

oNTI231   Amplification  of  sequencing  libraries,  paired  
with  indexing  primer  

caagcagaagacggcatacga  

indexing-­‐
primer  

Amplification  of  sequencing  libraries,  
NNNNNN  =  barcode  position  

aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactcc
agtcacNNNNNNcgacaggttcagagttc  

Linker  1   3'  Cloning  adaptor  for  RNA  footprints   appctgtaggcaccatcaat/3ddc  

oCW102   C-­‐terminally  tag  OM45  with  -­‐mVenus-­‐
BirA::HIS5,  fwd  

tgataagggtgatggtaaattctggagctcgaaaaaggacATCGGTGACGG
TGCTGGTTT  

oCW103   C-­‐terminally  tag  OM45  with  -­‐mVenus-­‐
BirA::HIS5,  reverse  primer  

gagaaacatgtgaatatgtatatatgttatgcgggaaccaTGGATGGCGGC
GTTAGTATC  

oCJ491   OSM1  C-­‐TERM  3XFLAG  FWD   CTT  TGG  AAA  GAC  AGC  TGC  GGA  TAA  CAT  AGC  AAA  
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ATT  GTA  CGG  AGG  TTC  AGG  TTC  AGG  

oCJ492   OSM1  C-­‐TERM  3XFLAG  REV   CGT  TGC  AAA  AAT  ATC  TTT  TAT  TTC  CCT  ATA  AAT  TCT  
CAA  TCG  ATG  AAT  TCG  AGC  TCG  

oCW500   OSM1  C-­‐term  EGFP  (WT,  M32A)  fwd   taccttaataattctatatcatcccgagtcttaggaaaATGATTAGATCTGT
GAGAAGGG  

oCW501   OSM1  C-­‐term  EGFP  (M1A,  ATG-­‐-­‐>GCT)  fwd   taccttaataattctatatcatcccgagtcttaggaaaGCTATTAGATCTGT
GAGAAGGG  

oCW503   OSM1  C-­‐term  EGFP  (WT,  M1A,  M32A)  rev   agtacgttgcaaaaatatcttttatttccctataaattcATGCGAATGCACAA
GCTAATA  

oCJ486   HAP1  C-­‐term  GFP  tag  fwd   ACTAGTAGATTTTTATAGAGCAGATTTTCCAATATGGGAG
ggtgacggtgctggttta  

oCJ487   HAP1  C-­‐term  GFP  tag  rev   TAAAAATATGTCCCTTTCTATTTATACATAAACAAACCGCA
tcgatgaattcgagctcg  
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SUMMARY  

Massively  parallelized  sequencing  of  nucleic  acids  has  emerged  over  the  last  decade  as  a  key  

tool   for   studying   cellular   physiology   at   a   molecular   level   and   on   an   unprecedented   scale  

(Bentley   et   al.,   2008).   In   addition   to   sequencing   whole   genomes,   this   high-­‐precision  

technology  is  increasingly  being  exploited  to  characterize  specific  subpopulations  of  DNA  or  

RNA   for   more   targeted   investigation   of   genomic   activity   and   gene   expression.   These  

approaches  have  enabled  genome-­‐wide  profiling  of  mRNA  expression  (Adiconis  et  al.,  2013),  

characterization   of   protein-­‐DNA   (Johnson   et   al.,   2007)   and   protein-­‐RNA   (Ule   et   al.,   2005)  

interactions,  high-­‐precision  mapping  of  5’  (Arribere  and  Gilbert,  2013)  and  3’  (Jan  et  al.,  2011)  

transcript  boundaries,   identification  of  non-­‐coding  RNAs    (Karginov  et  al.,  2007),  analysis  of  

epigenetic  modifications   (Weber  et   al.,   2005),   investigation  of  RNA  structure   in  vivo  and   in  

vitro   (Rouskin   et   al.,   2014),   capture  of  RNA  polymerase   (Churchman   and  Weissman,   2012)  

and  ribosome  (Ingolia  et  al.,  2009)  activity  at  nucleotide  resolution,  and  quantitative  readouts  

for  genome-­‐wide  sequencing-­‐based  screens  (Bassik  et  al.,  2009;  Carette  et  al.,  2011).    

Although  these  methods  have  indisputably  informed  all  areas  of  biology,  they  almost  

universally   discard   cellular   spatial   relations.   This   caveat   has   limited   the   utility   of   high-­‐

precision  sequencing  in  the  context  of  dynamic  spatiotemporal  processes,  or  more  generally  

those   involving   heterogeneous   populations   of   RNA   or   DNA.   Proximity-­‐specific   ribosome  

profiling   constitutes   the   first   generic   approach   that   captures   these   dimensions   of   gene  

expression  without   the   confounding   impurities   and   limitations  of  biochemical   preparations.  

At  a  unique  interface  of  genomics  and  cell  biology,  it  will  enable  the  exploration  of  a  variety  

of   intriguing   subcellular   and   co-­‐translational   processes   through   isolation   of   specific  

subpopulations  of  ribosomes.  

  
  
TRANSLATION  AT  THE  ER  
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The  application  of  proximity-­‐specific  ribosome  profiling  to  ER  translation  revealed  numerous  

systems-­‐level  principles  that  complement  years  of  more  targeted  studies  of  single  pathways  

in   insolation.  While   these   insights   enable   a  more   holistic   understanding   of   co-­‐translational  

translocation  at  the  ER,  they  also  motivate  additional  investigations.  

The   surprising   prevalence   of   co-­‐translational   translocation   at   the   ER   and   the  

purported   contribution   of   mRNA   tethering   to   its   efficiency   (Jan   et   al.,   2014)   make   ER-­‐

localized   RBPs   appealing   candidates   for   further   study.   Preliminary   proximity-­‐specific  

ribosome  profiling  experiments  carried  out  in  yeast  lacking  either  BFR1  or  SCP160  (Frey  et  al.,  

2001;   Lang   and   Fridovich-­‐Keil,   2000)   suggest   a  minimal   contribution   of   these   RBPs   to   ER  

translation   overall   (Fig.   5-­‐1).   However,   specific   mRNAs   have   been   reported   to   co-­‐migrate  

with   cortical   ER   for   preferential   localization   to   the   yeast   bud  during  mitosis   (Schmid   et   al.,  

2006).  Thus,  it  is  possible  that  the  substrates  of  these  factors  localize  to  and  traffic  with  the  

ER,  but  are  not  translocated  and  are  therefore  not  detected  in  our  assay.  However,  our  ability  

to   robustly  detect   translation  of   a  non-­‐secreted   reporter  mRNA,  artificially   tethered   to   the  

ER   using   the   PP7   coat   protein   and   aptamer   system   (unpublished   data),   argues   against   this  

possibility.   This   observation   also   raises   the   question   of  why   specific   sets   of   non-­‐secretory  

mRNAs   deriving   from   several   cellular   compartments   are   detected   at   the   ER   in   a   CHX-­‐

dependent   manner   (Fig.   3-­‐3C,   5-­‐2).   Although   cytosolic   mRNAs   have   been   observed   to  

biochemically   fractionate   with   the   ER   (Kraut-­‐Cohen   and   Gerst,   2010),   the   functional  

significance  and  mechanism  of  this  localization  remain  unclear.  

In   yeast,   proximity-­‐specific   ribosome   profiling   enabled   insights   into   the   functional  

roles   of   distinct   translocon   complexes,   which   have   been   difficult   to   elucidate   by   other  

methods.  An   obvious   future   application   of   translocon-­‐specific   ribosome  profiling   is   toward  

the   functional   characterization   of   translocon   accessory   factors   in   mammals.   Although   it   is  
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generally  agreed  that  factors,  such  as  TRAM  and  TRAP,  increase  translocation  efficiency  in  a  

substrate-­‐specific  manner   (Fons,  2003;  Görlich  et   al.,  1992),  which   features   they   recognize  

and   how   they   promote   translocation   mechanistically   remain   unknown.   Comprehensively  

defining   which   substrates   depend   on   them   for   robust   import,   determining   when   during  

translocation  they  engage  nascent  proteins,  and  evaluating  the  extent  to  which  these  factors  

contribute   to   ER   translation  more   generally   will   undoubtedly   inform   our   understanding   of  

translocational  regulation  (Hegde  and  Kang,  2008)  in  higher  eukaryotes.  

  
TRANSLATION  AT  THE  MITOCHONDRIAL  OUTER  MEMBRANE  
  
Proximity-­‐specific   ribosome   profiling   provided   direct   evidence   that   mitochondrial   import  

occurs   co-­‐translationally   for   proteins   of   the   IM   in   yeast,   providing   a   rationale   for   previous  

observations  of  non-­‐universal  association  of  mitochondrial  mRNAs  with  the  OM  (Fox,  2012).  

Determining   why   this   class   of   proteins   is   preferentially   imported   co-­‐translationally,   and  

whether  this  preference  is  maintained  in  other  cell  types,  will  be  important  in  fully  evaluating  

the  significance  of  the  observation.    

   Comparison  of  protein  targeting  to  the  mitochondria  and  ER  emphasized  the  utility  of  

proximity-­‐specific   ribosome   profiling   in   cases   where   the   inability   to   biochemically   resolve  

subcellular   compartments   has   confounded   previous   studies.   Despite   the   seemingly  

degenerate   hydrophobic   targeting   signals   that   direct   partitioning   of   substrates   between  

these   organelles,   our   spatial   proteomic   maps   emphasize   the   fidelity   of   co-­‐translational  

trafficking   achieved   in   vivo.   Intriguingly,   the   observed   interplay   of   substrates   between  

ribosome-­‐associated   factors,   such   as   SRP   and   NAC,   suggests   an   important   role   for   co-­‐

translational   processes   in   establishing   this   specificity   (Fig.   5-­‐3)   (Alamo   et   al.,   2011).  

Characterizing  how  these  targeting  factors,  in  combination  with  mRNA  localization  mediated  

by   ER-­‐   and   mitochondrially-­‐localized   RBPs,   act   to   achieve   this   specificity   remains   an  
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important  cell  biological  question.    

Regulated   dual   localization   of   proteins   between   cellular   compartments   seems   to  

represent  an   interesting  exception  to  this  observed  targeting  specificity.  Understanding  the  

rules  the  cell  uses  to  direct  simultaneous  localization  to  distinct  compartments,  particularly  in  

the   context   of   proteins   containing   single   ambiguous   targeting   signals,   will   inform   our  

understanding   of   intracellular   sorting   and   communication.   Importantly,   proximity-­‐specific  

ribosome   profiling   sensitively   detected   dual   localization   events   (Fig.   4-­‐4A,   4-­‐4B,   4-­‐S4)   and  

future   applications   of   the   approach   to   additional   subcellular   sites   will   also   enable   more  

systematic  analyses  of  this  phenomenon.    

  
ISOLATION  OF  RIBOSOME  SUBPOPULATIONS  
  
Genetically   controllable,   proximity-­‐specific   biotinylation   of   ribosomes   broadly   enables   the  

study   of   defined   subpopulations   of   ribosomes.   In   this   work,   we   have   applied   this   labeling  

approach   to   study   the   translational   activity   of   ribosomes   localized   to   two   cellular  

compartments.   Exploration   of   translation   at   other   subcellular   locations,   such   as   neuronal  

processes,  will  be  greatly  facilitated  by  analogous  strategies.    

   In  addition  to  ribosomes  that  reside   in  cellular  sub-­‐compartments,  proximity-­‐specific  

biotinylation   enables   the   isolation   of   ribosomes   that   interact   with   specific   soluble   factors,  

such   as   chaperones.   By   extension,  monitoring   the   translational   activity   of   these   ribosomes  

enables   precise   study   of   co-­‐translational   processes   (Oh   et   al.,   2011).   Proximity-­‐specific  

biotinylation   represents   a   more   generic   strategy   for   the   isolation   of   factor-­‐associated  

ribosomes   compared   to   other   approaches   that   require   factor-­‐specific   cross-­‐linking  

optimization   (Oh  et  al.,  2011).  Preliminary   ribosome  profiling  experiments  with  BirA-­‐tagged  

Srp72   in   yeast   demonstrate   the   feasibility   of   labeling   with   ribosome-­‐associated   soluble  

factors.  The  specificity  of  labeling  by  this  BirA  is  demonstrated  by  the  enrichment  of  secreted  
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genes   (Fig  5-­‐4A).  Additionally,   the  peak  positional  enrichment  observed   for   secreted  genes  

with  Srp72-­‐BirA  occurred  at  ~55  codons   (Fig.  5-­‐3B),   the  expected  position  of   engagement  

immediately   preceding   the   peak   enrichment   at   ~60   codons  with   BirA-­‐Ssh1,   the   dedicated  

SRP  translocon  (Fig.  3-­‐4B).  Intriguingly,  comparable  enrichment  was  observed  for  the  set  of  

secretory   proteins   containing   internal   TMDs   suggesting   that   SRP   does   not   have   a   strict  

requirement  for  N-­‐terminal  signals   (Fig.  5-­‐4B).  Because  tail-­‐anchored  and  cytosolic  proteins  

do  not   exhibit   this   enrichment   (Fig.  5-­‐4B)   it   does  not   reflect  universal   sampling  of  nascent  

chains  by  SRP  as  has  been  suggested  previously   (Ogg  and  Walter,  1995).   It   is  possible  that  

the  specificity  of  ribosome  labeling  by  other  BirA-­‐tagged  soluble  factors  will  be  sensitive  to  

factor   expression   levels   (Fernández-­‐Suárez   et   al.,   2008).   However,   it   may   be   possible   to  

reduce   non-­‐specific   labeling   by   tuning   BirA   activity   or   the   AviTag   through   mutations,   as  

discussed  in  Chapter  II.  

   Proximity-­‐specific  biotinylation  also  enables  robust  isolation  of  ribosomes  containing  

a   specific   (Avi-­‐tagged)   ribosomal   protein   of   interest   through   constitutive   labeling   by   a  

cytosolic   BirA.   This   labeling   strategy   would   be   particularly   useful   in   the   context   of  

‘specialized   ribosomes’   to   directly   evaluate   the   effects   of   heterogeneous   ribosome  

composition   on   translational   activity   (Xue   and   Barna,   2012).   Through   extension   to   whole  

organisms,  this  labeling  approach  could  be  used  to  isolate  ribosomes  in  a  tissue-­‐,  cell  type-­‐,  or  

tumor-­‐specific   manner   by   expressing   BirA   in   subpopulations   of   cells.   The   cellular  

heterogeneity  of   tissues,   in  particular   the  brain,   has   confounded  efforts   to   study  biological  

processes   in   genetically   defined   cell   populations.   Previously,   translating   ribosome   affinity  

purification   (TRAP)   has   been   used   to   purify   whole   transcripts   from   specific   cell   types  

expressing  an  epitope-­‐tagged  ribosome  (Heiman  et  al.,  2008).  The  nucleotide  resolution  and  

the   high-­‐affinity   biotin-­‐streptavidin   interaction   inherent   to   our   system   may   yield   more  

specific  and  quantitative  measurements  of  translation.    
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   Finally,   in   addition   to   monitoring   translational   activity   by   ribosome   profiling,   one  

could   apply   mass   spectrometry   to   identify   novel   ribosome-­‐associated   factors,   evaluate  

ribosome  composition,  and  characterize  post-­‐translational  modifications  specific  to  ribosome  

subpopulations.   These   data   would   be   highly   complementary   to   the   ribosome   profiling  

readout,   and  would  more   broadly   inform   our   understanding   of   translational   control  within  

cells  and  organisms.  
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