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Two	
  site	
  genetic	
  incorporation	
  of	
  varying	
  length	
  polyethylene	
  
glycol	
  into	
  the	
  backbone	
  of	
  one	
  peptide	
  	
  

Qingmin Zang,a,b† Seiichi Tada,a† Takanori Uzawa,a,c Daisuke Kiga,a,b Masayuki Yamamura,a,b and 
Yoshihiro Ito a,b,c*

Polyethylene	
   glycol	
   (PEG)	
   of	
   differing	
   lengths	
   was	
   genetically	
  
incorporated	
   into	
   the	
   backbone	
   of	
   a	
   polypeptide	
   using	
   stop-­‐
anticodon	
  and	
  frameshift	
  anticodon-­‐containing	
  tRNAs	
  which	
  were	
  
acylated	
  with	
  PEG-­‐containing	
  amino	
  acids.	
  	
  
	
  
Synthetic	
  polymer–protein	
  hybrids	
  have	
  been	
  developed	
   for	
  use	
  

as	
   therapeutic	
   proteins	
   or	
   bioreactor	
   enzymes.	
   Because	
  
polyethylene	
  glycol	
   (PEG)	
   is	
  nontoxic,	
  nonimmunogenic,	
  and	
  highly	
  
soluble	
   in	
   water	
   and	
   organic	
   solvents,	
   many	
   PEG	
   conjugated	
  
(PEGylated)	
  proteins	
  have	
  been	
  developed	
  and	
  have	
  been	
  shown	
  to	
  
be	
   very	
   beneficial.1	
   However,	
   the	
   PEGylation	
   of	
   many	
   proteins	
  
results	
   in	
  a	
  measurable	
   reduction	
   in	
   their	
  biological	
   activity,	
  which	
  
has	
   been	
   attributed	
   mainly	
   to	
   the	
   non-­‐site-­‐specific	
   nature	
   of	
   the	
  
PEGylation.2	
  To	
  overcome	
  this,	
  a	
  method	
  of	
  more	
  specific	
  chemical	
  
modification	
   has	
   been	
   developed,	
   which	
   combines	
   conventional	
  
protein	
   engineering	
   with	
   specifically	
   modifiable	
   amino	
   acid	
  
incorporation	
  and	
  bioorthogonal	
  chemistry	
  using	
  ligation	
  enzymes.3	
  
A	
  site-­‐specific	
  polymer	
  attachment	
  has	
  also	
  been	
  achieved	
  with	
  the	
  
complete	
  chemical	
  synthesis	
  of	
  an	
  erythropoietic	
  protein.4	
  
Alternatively,	
  a	
  genetic	
  encoding	
  approach	
  was	
  reported	
  in	
  1989	
  

as	
   a	
   method	
   for	
   incorporating	
   site-­‐specific	
   non-­‐canonical	
   amino	
  
acids	
  into	
  peptides	
  or	
  proteins,5	
  and	
  various	
  amino	
  acids	
  have	
  since	
  
been	
  incorporated	
  in	
  this	
  way.6	
  The	
  method	
  utilizes	
  the	
  UAG	
  codon	
  
(i.e.,	
   the	
   amber	
   nonsense	
   stop	
   codon),	
  which	
   normally	
   directs	
   the	
  
termination	
  of	
  protein	
  synthesis,	
  to	
  instead	
  encode	
  a	
  non-­‐canonical	
  
amino	
   acid	
   that	
   is	
   loaded	
   onto	
   the	
   suppressor	
   tRNA.	
   Some	
  
researchers	
  have	
   inserted	
  a	
  non-­‐canonical	
  and	
  reactive	
  amino	
  acid	
  
at	
  a	
  different	
  site	
  using	
  the	
  misacylated	
  tRNA	
  method	
  and	
  linked	
  a	
  

single	
   PEG	
   molecule	
   to	
   each	
   group	
   as	
   a	
   post-­‐translational	
  
modification	
   using	
   click	
   chemistry,	
   Staudinger-­‐phosphite	
   reactions,	
  
Suzuki-­‐Miyaura	
  reactions	
  or	
  Copper-­‐free	
  Sonogashira	
  cross-­‐coupling	
  
reactions.7	
  
Sisido	
  et	
  al.	
  developed	
  a	
  frameshift	
  suppression	
  method	
  in	
  which	
  

non-­‐canonical	
   amino	
   acids	
   are	
   incorporated	
   into	
   proteins	
   using	
  
four-­‐base	
   codon–anticodon	
   pairs	
   instead	
   of	
   a	
   stop	
   codon.8	
   They	
  
synthesized	
   nobel	
   tRNAs	
   that	
   recognize	
   four-­‐base	
   codons,	
   for	
  
example	
   AGGU	
   and	
   AGGG,	
   and	
   successfully	
   incorporated	
  
nitrophenylalanine	
   into	
   the	
   protein	
   streptavidin	
   in	
   a	
   site	
   specific	
  
manner.	
  Using	
   this	
  method,	
   Shozen	
  et	
   al.9	
   also	
   incorporated	
   short	
  
PEG	
   chains,	
   including	
   tetraethylene	
   glycol	
   (PEG4)	
   and	
  
dodecaethylene	
  glycol	
  (PEG12),	
  into	
  streptavidin	
  via	
  a	
  CGGG	
  codon.	
  
We	
  have	
   also	
   incorporated	
   a	
   longer	
   PEG	
   chain,	
   up	
   to	
   1000	
   g/mol,	
  
using	
  the	
  amber	
  stop	
  codon	
  suppression	
  method.10	
  	
  
The	
  advantage	
  of	
  misacylated	
  tRNA	
  is	
  that	
  it	
  allows	
  multiple	
  and	
  

specific	
   incorporation	
   of	
   non-­‐canonical	
   amino	
   acids	
   into	
   peptides	
  
and	
  proteins,	
  and	
  the	
  addition	
  of	
  fluorescent	
  groups	
  via	
  this	
  method	
  
has	
   been	
   reported.11	
   However,	
   each	
   method	
   reported	
   for	
  
conventional	
   PEGylation	
   incorporation	
   has	
   resulted	
   in	
   a	
   significant	
  
loss	
   in	
   biological	
   activity	
   for	
   the	
   various	
   proteins	
   that	
   have	
   been	
  
modified.	
   It	
   is	
   therefore	
   important	
   that	
   the	
   addition	
   of	
   PEG	
  
oligomers	
  occurs	
  at	
  predetermined,	
  specific	
  locations	
  in	
  the	
  peptide	
  
because	
  the	
  placement	
  of	
  PEG	
  in	
  these	
  regions	
  will	
  provide	
  the	
  best	
  
improvement	
   in	
   proteolytic	
   stability,	
   and	
   have	
   the	
   least	
   effect	
   on	
  
biological	
   activity.12	
   Use	
   of	
   the	
   genetic	
  method	
   allows	
   the	
   precise	
  
insertion	
   of	
   two	
   or	
   more	
   PEG	
   chains,	
   of	
   differing	
   lengths,	
   into	
  
specific	
   positions	
   in	
   individual	
   proteins.	
   As	
   well	
   as	
   precise	
   site	
  
incorporation	
  it	
   is	
  also	
   important	
  that	
  the	
  PEG	
  chains	
  are	
  relatively	
  
short,	
  as	
  shorter	
  chains	
  will	
  have	
  less	
  effect	
  on	
  peptide	
  and	
  protein	
  
activity.	
   Therefore,	
   in	
   this	
   study,	
   we	
   attempted	
   to	
   site-­‐specifically	
  
incorporate	
   one	
   or	
   two	
   PEGs	
   by	
   adding	
   tRNAs	
   carrying	
   PEG	
   of	
  
various	
  lengths	
  that	
  recognize	
  a	
  stop	
  codon	
  and	
  a	
  frameshift	
  codon	
  
via	
  a	
  translation	
  system,	
  as	
  shown	
  in	
  Fig.	
  1.	
  	
  
Polyethylene	
  glycol	
   (PEG4,	
  PEG8,	
  PEG12,	
  and	
  PEG24,	
  which	
  have	
  

molecular	
  masses	
   of	
   170,	
   340,	
   510,	
   and	
   1020	
   g/mol,	
   respectively)	
  
were	
  conjugated	
  to	
  aminophenylalanyl	
  (AF)-­‐tRNAs	
  containing	
  a	
  CUA	
  
anticodon	
   or	
   a	
   frameshift	
   anticodon	
   (CCCG)	
   as	
   previously	
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reported.10	
   The	
   DNA	
   templates	
   for	
   the	
   cell-­‐free	
   translation	
   that	
  
encode	
   the	
   peptide	
   or	
   proteins	
   were	
   constructed	
   by	
   ligating	
  
complementary	
   oligonucleotides	
   with	
   the	
   appropriate	
   single-­‐
stranded	
  overhangs	
  into	
  pROX-­‐FL92.1amber	
  (Protein	
  Express,	
  Chiba,	
  
Japan).	
  Cell-­‐free	
  translation	
  was	
  performed	
  using	
  a	
  RYTS	
  kit	
  (Protein	
  
Express)	
   according	
   to	
   the	
   manufacturer’s	
   protocol.	
   The	
   reaction	
  
mixtures	
  were	
   incubated	
  at	
  30	
   °C	
   for	
  2	
  h,	
  unless	
  otherwise	
  stated.	
  
The	
   samples	
   were	
   prepared	
   for	
   mass	
   spectrometry	
   as	
   previously	
  
reported.10	
  The	
  yield	
  efficiencies	
  of	
  PEG-­‐incorporated	
  peptides	
  were	
  
calculated	
   from	
   their	
   relative	
   amounts	
   compared	
   with	
   an	
   added	
  
standard	
   peptide	
   3xFLAG	
   (DYKDHDGDYKDHDIDYKDDDDK,	
   Sigma-­‐
Aldrich,	
  St.	
  Louis,	
  MO,	
  USA).	
  	
  

PEG	
   was	
   successfully	
   incorporated	
   by	
   the	
   cell-­‐free	
   translation	
  
system.	
   The	
   incorporation	
   of	
   the	
   longer	
   PEG	
   chains	
   resulted	
   in	
  
lower	
  yields	
  of	
  the	
  translation	
  product	
   (Fig.	
  2).	
  For	
  example,	
   in	
  the	
  
case	
   of	
   the	
   amber	
   tRNA	
   system,	
   the	
   inclusion	
   of	
   either	
   PEG4	
   or	
  
PEG8	
   results	
   in	
   the	
   same	
   translation	
   product	
   yields,	
   although	
   the	
  
yields	
  for	
  PEG12	
  and	
  24	
  are	
  1%	
  and	
  0.1%	
  the	
  yields	
  obtained	
  for	
  the	
  
products	
   of	
   PEG4	
   and	
   PEG8.	
   The	
   PEG-­‐length	
   dependence	
   of	
   the	
  
translation	
   products	
   of	
   PEG8	
   to	
   PEG24	
   may	
   be	
   explained	
   by	
   the	
  
previously	
   reported	
   steric	
   hindrance	
   between	
   PEG	
   and	
   the	
  
ribosome,10	
   and	
   between	
   PEG	
   and	
   elongation	
   factor	
   thermo	
  
unstable	
  (EF-­‐Tu).13	
  The	
  molecular	
  masses	
  of	
  PEG4	
  and	
  PEG8	
  are	
  170	
  
and	
   340	
   g/mol,	
   respectively,	
   and	
   as	
   such,	
  may	
   not	
   sterically	
   block	
  
translation	
  in	
  the	
  ribosome	
  and/or	
  the	
  binding	
  of	
  tRNA	
  to	
  EF-­‐Tu.	
  It	
  is	
  
noteworthy	
  that	
  we	
  have	
  confirmed	
  that	
  the	
  amount	
  of	
  PEGylation	
  
product	
  is	
  not	
  limited	
  by	
  the	
  amount	
  of	
  tRNA	
  used;	
  effectively,	
  the	
  
same	
   yield	
   of	
   translation	
   product	
   is	
   obtained,	
   even	
   when	
   a	
   triple	
  
concentration	
  of	
  tRNA	
  (tRNA	
  ×	
  3)	
  is	
  used	
  to	
  incorporate	
  PEG12.	
  

The	
  translation	
  efficiency	
  of	
  PEG8	
  at	
  the	
  frameshift	
  codon	
  is	
  over	
  
10-­‐fold	
  lower	
  compared	
  with	
  that	
  at	
  the	
  amber	
  codon,	
  whereas	
  the	
  
translation	
  efficiency	
  of	
  PEG4	
  at	
  the	
  frameshift	
  codon	
  is	
  only	
  2-­‐fold	
  
lower	
   compared	
   with	
   the	
   amber	
   codon	
   (Fig.	
   2).	
   The	
   translation	
  
efficiency	
   of	
   PEG8	
   at	
   the	
   frameshift	
   codon	
   using	
   tRNACCCG	
   is	
  
considerably	
   lower	
   compared	
   with	
   PEG4	
   and	
   PEG8,	
   which	
  
presumably	
  results	
  from	
  the	
  competitive	
  translation	
  of	
  tRNACCG(Arg)	
  
in	
   the	
   translation	
   system.	
   Evidence	
   for	
   this	
   is	
   that	
   a	
   double	
  
concentration	
   of	
   tRNACCCG	
   (tRNA	
   ×	
   2)	
   increases	
   the	
   yield	
   of	
   the	
  

translation	
   product	
   to	
   a	
   level	
   similar	
   to	
   that	
   obtained	
   from	
   the	
  
amber-­‐PEG8	
  (Fig.	
  2).	
  The	
  comparison	
  between	
  amber	
  and	
  four-­‐base	
  
codons	
   has	
   been	
   reported	
   by	
   Sisido’s	
   group.14,15	
   Hohsaka	
   et	
   al.	
  	
  
compared	
  the	
  incorporation	
  yield	
  between	
  amber	
  and	
  various	
  four-­‐
base	
  codons	
  using	
  p-­‐nitrophenylalanyl-­‐tRNA,	
  and	
  the	
  yield	
  from	
  the	
  
use	
   of	
   the	
   frameshift	
   codon	
   was	
   higher	
   than	
   that	
   of	
   the	
   amber	
  
codon.14	
  However,	
  they	
  estimated	
  that	
  the	
  incorporation	
  efficiency	
  
of	
   each	
   codon	
   was	
   similar	
   or	
   sometimes	
   lower	
   for	
   the	
   four-­‐base	
  
codon	
   compared	
   with	
   the	
   amber	
   codon.15	
   Presumably	
   this	
  
difference	
  is	
  due	
  to	
  the	
  dependence	
  of	
  the	
  yield	
  on	
  the	
  kind	
  of	
  non-­‐
canonical	
  amino	
  acids.	
  In	
  the	
  case	
  of	
  PEG12	
  or	
  PEG24	
  incorporation	
  
using	
  a	
  frameshift	
  codon,	
  the	
  yield	
  is	
  considerably	
  lower	
  compared	
  
with	
  the	
  yield	
  from	
  the	
  amber	
  codon	
  method.	
  
Given	
   the	
   successful	
   incorporation	
   with	
   either	
   the	
   amber	
   or	
  

frameshift	
   codon,	
   we	
   then	
   site-­‐specifically	
   incorporated	
   two	
   PEGs	
  
into	
  a	
  peptide	
  via	
  the	
  two	
  codons.	
  Two	
  PEG4s	
  were	
  site-­‐specifically	
  
incorporated	
  into	
  one	
  peptide	
  at	
  position	
  9	
  using	
  the	
  amber	
  codon	
  
and	
   at	
   position	
   13	
   using	
   the	
   frameshift	
   codon.	
   (entry	
   1,	
   Fig.	
   3).	
  
Although	
   the	
   yield	
   of	
   the	
   translation	
   product	
  with	
   two	
  PEG4s	
  was	
  
about	
   2000-­‐fold	
   lower	
   compared	
   with	
   single	
   PEG4	
   incorporation,	
  
we	
   were	
   able	
   to	
   successfully	
   observe	
   the	
   peptide	
   with	
   two	
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Fig.	
   1	
   	
   Incorporation	
   of	
   different	
   sized	
   polyethylene	
   glycols	
   (PEGs)	
   into	
   a	
  
polypeptide	
  by	
  in	
  vitro	
  translation.	
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Fig.	
  2	
  	
  Yield	
  efficiency	
  (logarithms	
  of	
  relative	
  amount	
  of	
  PEGylation	
  product	
  to	
  an	
  
internal	
  standard	
  peptide,	
  3xFLAG)	
  of	
  varying	
  length	
  PEGylation	
  (PEG4,	
  PEG8,	
  
PEG12,	
  and	
  PEG24)	
  using	
  the	
  amber	
  (UAG)	
  or	
  frameshift	
  (CGGG)	
  codon.	
  fM	
  in	
  the	
  
peptide	
  sequence	
  indicates	
  a	
  formylmethionine.	
  “tRNAx3”	
  shown	
  at	
  PEG12-­‐
amber	
  and	
  “tRNAx2”	
  shown	
  at	
  PEG8-­‐CGGG	
  indicate	
  three-­‐	
  and	
  two-­‐fold	
  
concentrations	
  of	
  tRNA	
  in	
  the	
  translation	
  system,	
  respectively.	
  

Fig.	
   3	
   	
   Incorporation	
   of	
   different	
   sized	
   PEGs	
   into	
   a	
   peptide	
   using	
   two	
   different	
  
codons.	
   PEG4	
   and	
   PEG8	
   were	
   incorporated	
   using	
   amber	
   (UAG)	
   or	
   frameshift	
  
(CGGG)	
   codons.	
   (N)	
   and	
   (C)	
   indicate	
   the	
   N-­‐	
   and	
   C-­‐terminals	
   of	
   the	
   peptide,	
  
respectively.	
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incorporated	
   PEG4	
   chains.	
   In	
   contrast,	
   we	
   could	
   not	
   incorporate	
  
two	
  PEG8s	
  using	
  the	
  same	
  mRNA	
  (entry	
  4,	
  Fig.	
  3).	
  
The	
  simultaneous	
  use	
  of	
  two	
  different	
  codons	
  also	
  allows	
  for	
  the	
  

synthesis	
   of	
   peptides	
   containing	
   two	
   different	
   sized	
   PEGs,	
   each	
  
incorporated	
   into	
   a	
   different	
   specific	
   site	
   using	
   the	
   amber	
   or	
  
frameshift	
   codon.	
   We	
   also	
   found	
   a	
   position-­‐dependent	
   size	
  
preference	
  of	
  PEGs	
  used	
   in	
  the	
  peptide	
  synthesis	
  by	
  the	
  ribosome.	
  
As	
   shown	
   in	
   entry	
   1	
  of	
   Fig.	
   2,	
   the	
   addition	
  of	
   two	
  PEG4	
   insertions	
  	
  
using	
   the	
   same	
  mRNA	
   allows	
   for	
   the	
   site-­‐specific	
   incorporation	
   of	
  
the	
  PEG8	
  amber	
  and	
  PEG4	
  frameshift	
  codons	
  at	
  positions	
  9	
  and	
  13	
  
(entry	
  3),	
  respectively,	
  depending	
  on	
  the	
  different	
  anticodon	
  of	
  the	
  
tRNAs	
  carrying	
  the	
  different	
   length	
  PEGs.	
  Using	
  the	
  same	
  mRNA	
   in	
  
entry	
  2,	
  we	
  could	
  not	
  obtain	
  a	
  peptide	
  with	
  a	
  PEG4	
  at	
  position	
  9	
  and	
  
a	
  PEG8	
  at	
  position	
  13.	
  The	
  synthesis	
  efficiency	
  depends	
  on	
  PEG	
  size	
  
(entry	
   3	
   >	
   entry	
   1	
   >	
   entry	
   2)	
   and	
   is	
   also	
   seen	
   in	
   the	
   other	
  mRNA	
  
(entry	
   7	
   >	
   entry	
   5	
   >	
   entry	
   6),	
   which	
   has	
   the	
   frameshift	
   codon	
   at	
  
position	
   9	
   and	
   the	
   amber	
   codon	
   at	
   position	
   13.	
   Similarly,	
   both	
  
mRNAs	
  could	
  not	
  incorporate	
  two	
  PEG8s	
  (entries	
  4	
  and	
  8,	
  Fig.	
  3).	
  
A	
   preference	
   for	
   PEG8	
   over	
   PEG4	
   at	
   position	
   9	
   in	
   these	
   double	
  

incorporation	
  experiments	
   is	
  also	
  found	
  in	
  the	
  production	
  of	
  single	
  
site	
   incorporation	
   of	
   PEG	
   (Fig.	
   2)	
   with	
   enough	
   tRNA	
   for	
   the	
  
frameshift	
   codon,	
   although	
   the	
   preference	
   is	
   less	
   different	
   than	
  
cases	
   of	
   two	
   site	
   incorporation	
   (Fig.	
   3)	
   The	
   difference	
   in	
   the	
  
translation	
   efficiency	
   of	
   the	
   two	
   mRNAs	
   is	
   a	
   function	
   of	
   their	
  
secondary	
   structures.	
   Even	
   with	
   the	
   above	
   PEG8	
   preference,	
   two	
  
PEG8s	
   within	
   four	
   residues	
   could	
   not	
   be	
   incorporated	
  
simultaneously.	
   Considering	
   the	
   size	
   of	
   the	
   ribosome	
   tunnel	
   from	
  
the	
   peptidyl	
   transferase	
   center,	
   the	
   mechanism	
   that	
   decreased	
  
efficiency	
  of	
  PEG12-­‐	
  and	
  PEG24-­‐containing	
  peptide	
  synthesis	
  (Fig.	
  2)	
  
appears	
  to	
  inhibit	
  this	
  two	
  PEG8	
  incorporation.	
  
In	
   characterizing	
   the	
   peptides	
   with	
   incorporated	
   PEG,	
   we	
   also	
  

found	
   a	
   mass	
   corresponding	
   to	
   truncated	
   peptides	
   (lack	
   of	
  
fMSKQIEVN	
   or	
   SKQIEVN,	
   Fig.	
   4).	
   These	
   products	
   arise	
   because	
  
translation	
  is	
  apparently	
  terminated	
  just	
  before	
  the	
  incorporation	
  of	
  
PEG.	
  The	
  attempted	
  incorporation	
  of	
  longer	
  PEGs	
  results	
  in	
  a	
  higher	
  
yield	
   of	
   the	
   truncated	
   peptides.	
   In	
   the	
   case	
   of	
   the	
   amber	
   tRNA	
  
system,	
   the	
   yield	
   of	
   the	
   truncated	
   peptide	
  was	
   only	
   about	
   2%	
   for	
  
the	
   PEG4,	
   while	
   for	
   the	
   PEG8	
   the	
   yield	
   of	
   truncated	
   peptide	
   was	
  
sharply	
   increased	
   to	
  about	
  17%.	
  For	
   the	
   longer	
  PEG12	
  and	
  PEG24,	
  

the	
   yields	
   of	
   the	
   truncated	
  peptides	
  were	
   increased	
   to	
   about	
   27%	
  
and	
  36.5%,	
  respectively.	
  For	
  the	
  frameshift	
  codon	
  system,	
  the	
  yields	
  
of	
   the	
   truncated	
  peptides	
  were	
  about	
  2%	
  and	
  7%,	
   respectively.	
  As	
  
such,	
   it	
   appears	
   that	
   the	
   longer	
   PEGs	
   might	
   block	
   the	
   peptidyl	
  
transferase	
  reaction	
  in	
  the	
  ribosome.	
  A	
  similar	
  phenomenon	
  is	
  also	
  
reported	
  by	
  Abe	
  et	
  al.16,	
  when	
  a	
  large	
  fluorescent,	
  unnatural	
  amino	
  
acid	
  was	
  incorporated	
  into	
  proteins.	
  
In	
   conclusion,	
   we	
   have	
   demonstrated	
   the	
   site-­‐specific	
  

incorporation	
  of	
  one	
  or	
   two	
  different	
   sized	
  PEGs	
   into	
  one	
  peptide.	
  
For	
   the	
   incorporation	
   of	
   one	
   PEG,	
   the	
   yield	
   of	
   the	
   PEGylation	
  
product	
   decreased	
   as	
   the	
   molecular	
   weight	
   of	
   the	
   PEG	
   chain	
  
increased.	
   In	
   addition,	
   the	
   yields	
   of	
   the	
   truncated	
   PEGylation	
  
peptide	
   increased	
   as	
   the	
   lengths	
   of	
   PEG	
   increased.	
   For	
   the	
  
incorporation	
   of	
   two	
   PEGs	
   of	
   different	
   lengths,	
   the	
   PEGylation	
  
efficiency	
   depends	
   on	
   the	
   length	
   of	
   the	
   PEG,	
   the	
   codon,	
   and	
   the	
  
incorporation	
   sites.	
   In	
   this	
   study	
  a	
   cell-­‐free	
   translation	
   system	
  was	
  
used	
   to	
   generate	
   the	
   PEGylated	
   product.	
   A	
   cell-­‐free	
   translation	
  
system	
  is	
  generally	
  useful	
  for	
  production	
  of	
  highly	
  pure	
  proteins	
  but	
  
currently	
  the	
  cost	
  is	
  relatively	
  high	
  because	
  of	
  the	
  low	
  yields	
  of	
  the	
  
cell-­‐free	
   translation	
   system.	
   However,	
   considering	
   recent	
  
improvement	
   in	
   the	
   translation	
   system,	
   the	
   cost	
   will	
   come	
   down	
  
over	
   time.	
   We	
   successfully	
   incorporated	
   relatively	
   shorter	
   PEG	
  
chains	
  of	
  PEG4	
  and	
  PEG8.	
  The	
  shorter	
  PEGs	
  affect	
  the	
  active	
  site	
  of	
  
the	
   proteins	
   to	
   a	
   lesser	
   extent	
   compared	
   with	
   the	
   longer	
   PEGs.	
  
Additionally,	
   short	
   PEG	
   chains	
   can	
   be	
   used	
   for	
   the	
   analysis	
   of	
  
PEGylation	
  influence	
  on	
  the	
  peptide/protein	
  structure	
  depending	
  on	
  
the	
  difference	
  in	
  incorporation	
  sites.	
  Lawrence	
  et	
  al.	
  have	
  reported	
  
a	
   relationship	
   between	
   the	
   PEGylation	
   site	
   and	
   the	
   peptide	
  
structure	
   using	
   a	
   PEG4	
   molecule.12	
   Overall,	
   this	
   new	
   method	
  
enables	
  control	
  over	
  both	
  of	
  the	
  size	
  and	
  site	
  of	
  PEG	
  incorporation,	
  
and	
  thus,	
  should	
  provide	
  more	
  active	
  and	
  stable	
  PEGylated	
  proteins	
  
as	
  bioconjugate	
  drugs.	
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Fig.	
   4	
   	
   Yield	
   of	
   truncated	
   peptides	
   using	
   different	
   lengths	
   of	
   PEG	
  with	
   a	
   single	
  
codon.	
  The	
  truncated	
  peptides	
  are	
  XSNEDYKDDDDK,	
  where	
  X	
  is	
  PEG	
  (4,	
  8,	
  12,	
  or	
  
24).	
  The	
  ratio	
  of	
   truncated	
  peptides	
   is	
   the	
  percentage	
   in	
  all	
  peptides	
  containing	
  
PEG.	
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