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Abstract	  

With	   the	   expanding	   interest	   in	   RNA	   biology,	   interest	   in	   artificial	   RNA-‐binding	  

proteins	  (RBPs)	  is	  likewise	  increasing.	  RBPs	  can	  be	  designed	  in	  a	  modular	  fashion,	  

whereby	  effector	  and	  RNA-‐binding	  domains	  are	  combined	  in	  chimeric	  proteins	  that	  

exhibit	   both	   functions	   and	   can	   be	   applied	   for	   regulation	   of	   a	   broad	   range	   of	  

biological	   processes.	   The	   elucidation	  of	   the	  RNA	   recognition	   code	   for	  Pumilio	   and	  

fem-‐3	   mRNA-‐binding	   factor	   (PUF)	   homology	   proteins	   allowed	   engineering	   of	  

artificial	  RBPs	  for	  targeting	  endogenous	  mRNAs.	  In	  this	  review,	  we	  will	  focus	  on	  the	  

recent	  advances	   in	  elucidating	  and	  reprogramming	  PUF	  domain	  specificity,	  update	  

on	   several	   promising	   applications	   of	   PUF-‐based	   designer	   RBPs,	   and	   discuss	   some	  

other	  domains	   that	  hold	   the	  potential	   to	  be	  used	  as	   the	  RNA-‐binding	   scaffolds	   for	  

designer	  RBP	  engineering.	  
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Introduction	  

RNA-‐protein	   interactions	   are	   ubiquitous	   in	   biology,	   and	   play	   a	   key	   role	   in	  

numerous	  processes	  required	  for	  regulation	  of	  gene	  expression.	  In	  eukaryotes,	  this	  

regulation	  is	  achieved	  by	  controlling	  multiple	  aspects	  of	  mRNA	  metabolism	  such	  as	  

biogenesis,	  transport,	  maturation,	  and	  turnover1,	  2.	  In	  addition,	  mRNAs	  are	  in	  many	  

cases	   co-‐regulated	   by	   noncoding	   RNA,	   through	   collaborative	   or	   competitive	  

interplay	  between	  noncoding	  RNA	  and	  regulatory	  proteins3.	  Finally,	  the	  translation	  

apparatus	   itself	   requires	   post-‐transcriptional	  modification	   of	   RNA	  bases	   in	   rRNAs	  

and	   tRNAs,	   which	   involves	   RNA-‐protein	   interactions4.	   In	   all	   of	   these	   phenomena,	  

recognition	   and	   binding	   of	   RNA	   by	   RNA-‐binding	   proteins	   (RBPs)	   is	   imperative.	  

However,	   we	   have	   only	   scratched	   the	   surface	   in	   elucidating	   these	   processes,	   and	  

hence,	  our	  understanding	  of	  RNA	  biology	  and	  ability	  to	  manipulate	  it	  are	  currently	  

very	   limited.	   In	   the	   fashion	  of	   synthetic	  biology,	   it	   is	  proposed	   that	  engineering	  of	  

designer	  RBPs	  can	  not	  only	  enable	  us	  with	  useful	  new	  technologies	  for	  precise	  gene	  

regulation,	  but	  also	  deepen	  our	  understanding	  of	  RNA	  biology.	  

Most	  RBPs	  have	  a	  modular	  configuration,	  where	  RNA-‐binding	  domains	  (RBDs),	  

protein-‐binding	  domains,	  and	  catalytic	  domains	  are	  usually	  physically	  separate	  and	  

function	   independently	   from	  one	  another5,	  6.	   Emulating	  Nature,	   artificial	  RBPs	   can	  

be	   created	   in	   a	   similar	   fashion,	   by	   combining	   effector	   domains	   of	   choice	   with	  

suitable	  RBDs6-‐10.	  These	  designer	  RBPs	   can	  be	   implemented	   in	   the	   regulation	  of	   a	  

broad	   range	   of	   biological	   processes	   that	   include	   RNA	   metabolism,	   including	  

regulation	  of	  mRNA	  translation,	  degradation,	  splicing,	  editing,	  and	  localization.	  	  
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For	   the	   targeting	   of	   untagged	   endogenous	   RNA,	   RBDs	   with	   easily	  

reprogrammable	  specificity	  would	  be	  required.	  Such	  remarkable	  trait	  was	  found	  in	  

Pumilio	   and	   fem-‐3	  mRNA-‐binding	   factor	   (PUF)	   homology	   proteins11,	  12,	   as	  well	   as	  

pentatricopeptide	   repeat	   proteins	   (PPR)13-‐15.	   In	   the	   past	   decade,	   a	   lot	   has	   been	  

elucidated	   about	   the	   RNA-‐binding	   nature	   of	   PUF	   proteins,	   which	   allowed	  

implementation	  of	  this	  domain	  for	  the	  engineering	  of	  PUF-‐based	  designer	  RBPs9,	  10.	  

In	   this	   brief	   review,	   we	   will	   focus	   on	   the	   recent	   advances	   in	   elucidating	   and	  

reprogramming	  PUF	  domain	  specificity,	  update	  on	  several	  promising	  applications	  of	  

PUF-‐based	  designer	  RBPs,	  and	  briefly	  discuss	  other	  systems	  (PPR	  proteins	  and	  the	  

CRISPR/Cas9	  system)	  that	  hold	  the	  potential	  to	  be	  used	  as	  RNA-‐binding	  scaffolds	  for	  

designer	  RBP	  engineering.	  

	  

PUF	  Domain:	  Reprogrammable	  RNA-‐Binding	  Protein	  

PUF	   family	   proteins	   are	   named	   after	   the	   founding	   members	   Pumilio	   in	  

Drosophila	   melanogaster16	   (DmPum)	   and	   fem-‐3	   mRNA-‐binding	   factor	   (FBF)	   in	  

Caenorhabditis	  elegans17.	  Since	  their	   initial	  discovery,	  PUF	  homology	  proteins	  have	  

been	   found	   in	   all	   eukaryotic	   organisms18,	   19.	   PUF	   domains	   usually	   bind	   to	   the	   3ʹ′	  

untranslated	  region	  (UTR)	  of	   their	   target	   transcripts,	  and	  regulate	  mRNA	  stability,	  

translation,	   cellular	   localization	   (reviewed	   elsewhere19,	  20),	   pre-‐rRNA	  processing21,	  

and	  recognition	  of	  viral	  infections22,	  23.	  

PUF	   family	   proteins	   are	   typically	   composed	   of	   8	   imperfectly	   repeated	   36	  

amino	   acid	   motifs	   (PUF	   repeats),	   which,	   together	   with	   flanking	   conserved	  

sequences,	   form	  a	  sequence-‐specific	  single-‐stranded	  (ss)	  RNA-‐binding	  domain,	   the	  
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PUF	   domain24,	  25.	   The	   conserved	   sequences	   flanking	   PUF	   repeats	   (Csp1	   and	   Csp2	  

motifs,	   which	   typically	   precede	   and	   follow	   the	   PUF	   repeats,	   respectively)	   are	  

composed	  of	  degenerate	  repeats	  and	  are	  required	  for	  RNA	  binding	  in	  DmPum	  and	  C.	  

elegans	  FBF.24,	  25	  The	  crystal	  structures	  of	  PUF	  domains	  revealed	  that	  the	  eight	  PUF	  

repeats	   are	  very	   similar	   structurally,	   and	  each	  of	   them	   is	   comprised	  of	   a	   triangle-‐

shaped	   structural	   unit	   consisting	   of	   three	   helical	   segments26,	   27.	   These	   repeated	  

units	   typically	   pack	   together	   to	   form	   a	   crescent-‐shaped	   right-‐handed	   superhelix	  

with	  a	  continuous	  hydrophobic	  core26,	  27.	  	  

The	   crystal	   structure	   of	   a	   PUF	   domain	   from	   human	   Pumilio	   1	   (HsPum1)	  

protein	  in	  a	  complex	  with	  RNA	  revealed	  its	  modular	  RNA-‐recognition	  mode11.	  RNA	  

is	  bound	  to	  the	  concave	  surface	  of	  the	  protein,	  where	  each	  protein	  repeat	  interacts	  

with	  a	  single	  RNA	  base.	  The	  N-‐terminal	  repeat	  of	  the	  PUF	  domain	  interacts	  with	  the	  

3′	  end	  of	  the	  mRNA	  sequence,	  thus	  the	  PUF	  domain	  binds	  RNA	  in	  an	  “antiparallel”	  

configuration11	   (Figure	   1a).	   Repeats	   2,	   6,	   and	   8	   interact	   with	   three	   uracil	   bases	  

present	   in	   the	   target	   RNA,	   where	   an	   asparagine	   residue	   at	   position	   12	   and	   a	  

glutamine	   residue	   at	   position	   16	  make	   hydrogen	   bonds	  with	   the	   O2,	   N3,	   and	   O4	  

groups	  of	  the	  Watson-‐Crick	  face	  of	  the	  bases	  (Figure	  2a).	  	  Repeats	  1,	  3,	  and	  5,	  on	  the	  

other	  hand,	  interact	  with	  adenines,	  where	  a	  cysteine	  or	  a	  serine	  at	  position	  12	  forms	  

a	  van	  der	  Waals	  interaction	  of	  the	  C2	  group	  of	  the	  base,	  and	  a	  glutamine	  at	  position	  

16	  makes	  hydrogen	  bonds	  with	  the	  N1	  and	  N6	  groups	  of	   the	  Watson-‐Crick	   face	  of	  

the	  bases	  (Figure	  2a).	  	  
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Figure	  1.	  Schematics	  of	  RNA-‐binding	  proteins	  (a)	  Schematic	  of	  PUF	  binding	  to	  ssRNA.	  The	  primary	  

sequence	   of	   the	   first	   repeat	   of	  HsPum1	   is	   shown.	  Recognition	   code	   is	   shown	   in	   a	   box.	  Red,	   amino	  

acids	  at	  positions	  12	  and	  16	   that	   interact	  with	   the	  Watson-‐Crick	  edge	  of	  RNA	  bases;	  blue,	   stacking	  

amino	   acid	   residue	   at	   position	   13.	   (b)	   Schematic	   of	   PPR	   binding	   to	   ssRNA.	   An	   engineered	   repeat	  

constructed	  from	  evolutionarily	  conserved	  amino	  acids	  (the	  schematic	  is	  adapted	  from	  the	  reference	  

28)	  is	  shown.	  Note	  that	  the	  numbering	  system	  used	  in	  the	  figure	  is	  from	  the	  reference	  14.	  Alternative	  

numbering	  systems	  include	  that	  used	  in	  references	  13,	  29,	  where	  the	  marked	  residues	  5	  and	  35	  correspond	  to	  

residues	   6	   and	   1’,	   and	   that	   proposed	   in	   the	   reference	   15,	   where	   they	   correspond	   to	   residues	   4	   and	   ii,	  

respectively.	  Red,	  amino	  acids	  at	  positions	  5	  and	  35	  that	  contribute	  to	  recognition	  of	  RNA	  bases;	  blue,	  

stacking	  amino	  acid	  residue	  at	  position	  2.	  (c)	  Schematic	  of	  RNA-‐guided	  Cas9	  recognition	  of	  ssRNA.	  

Blue,	   target	  RNA	  sequence;	  green,	  PAM-‐presenting	  DNA	  oligonucleotide;	  Grey,	  guide	  RNA	  sequence	  

(adapted	  from	  reference	  30).	  

Repeat domain 

N C 

HIMEFSQDQHGSRFIQLKLERATPAERQLVFNEILQ 

R12R16 : SQ CQ NQ SE SR 
Base: A A U G C 
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Repeat domain 

N C 

VVTYNTLISGLGKAGRLEEALELFEEMKEKGIVPD 

R5R35 : SN TN ND TD NS 
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PPR 

RNA 5’ 3’ 

Base:    A   U   G   C 
Base:    U   A   C   G 
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Repeat	   7	   interacts	  with	   the	   only	   guanine	   in	   the	   structure,	  where	   a	   serine	   at	  

position	  12	  and	  a	  glutamic	  acid	  residue	  at	  position	  16	  make	  hydrogen	  bonds	  with	  

the	  Watson-‐Crick	  face	  of	  the	  base.	  A	  tyrosine	  or	  an	  arginine	  at	  position	  13	  generally	  

form	   stacking	   interactions	   between	   aromatic	   rings	   of	   adjacent	   RNA	   bases11.	   An	  

altered	  positioning	  of	  the	  fifth	  base	  with	  respect	  to	  the	  glutamine	  residue	  at	  position	  

16	  in	  repeat	  4	  allows	  repeat	  4	  to	  interact	  with	  the	  Watson-‐Crick	  edges	  of	  both	  uracil	  

and	  cytosine11,	  as	  well	  as	  form	  van	  Waals	  interactions	  with	  the	  Hoogsteen	  edges	  of	  

adenine	  and	  guanine31.	  	  

	  

Figure	   2.	   Crystal	   structures	  of	  PUF	  and	  PPR	  motifs.	   (a)	   Structure	  of	  PUF	   repeats	  2	   (lemon)	   and	  3	  

(teal)	  from	  HsPum1	  (PDB	  1MW8)	  recognizing	  uracil	  and	  adenine,	  respectively.	  Amino	  acid	  residues	  

at	  positions	  12	  and	  16,	  which	  confer	  RNA	  base	  specificity	  are	  shown	  in	  purple.	  	  Residues	  at	  position	  

13,	  which	  form	  stacking	  interactions	  between	  bases	  are	  shown	  in	  red.	  (b)	  Structure	  of	  PPR	  motifs	  4	  

(lemon)	   and	   5	   (teal)	   from	  maize	   PPR10	   (PDB	  4M59)	   recognizing	   uracil	   and	   adenine,	   respectively.	  

Amino	   acid	   residues	   at	   positions	   5	   and	   35	   that	   confer	   RNA	   base	   specificity	   are	   shown	   in	   purple.	  	  

Residues	  at	  position	  2	  that	  form	  stacking	  interactions	  between	  bases	  are	  shown	  in	  red.	  	  

	  

A	   general	   RNA-‐recognition	   code	   was	   proposed	   based	   on	   this	   co-‐crystal	  

structure,	   where	   the	   R12R16	   combinations	   NQ,	   CQ/SQ,	   and	   SE	   recognize	   uracil,	  

adenine,	   and	   guanine,	   respectively.	   No	   code	   for	   cytosine	   was	   apparent	   from	   this	  

structure.	   The	   proposed	   RNA-‐recognition	   code	   suggested	   that	   PUF	   domains	   with	  

a& b&
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designed	   specificities	   could	   be	   created	   via	   site-‐directed	   mutagenesis.	   Indeed,	  

mutagenesis	  of	  only	  2	  or	  3	  (including	  the	  “stacking”	  amino	  acid)	  residues	  in	  a	  repeat	  

was	  sufficient	  to	  predictably	  alter	  PUF	  domain	  specificity	  in	  HsPum,	  as	  confirmed	  by	  

in	  vitro	  binding	  assays11,	  12,	  32.	  

	  Identification	   of	   the	   cytosine-‐recognition	   code	   of	   PUF	   repeats	   expanded	   the	  

RNA-‐binding	   specificity	   of	   designer	   PUF	   domains	   to	   recognize	   any	   RNA	   target	  

sequence33,	  34.	   In	  order	   to	   select	   for	   a	  PUF	   repeat	  with	   specificity	   for	   cytosine,	   the	  

interaction	   between	   the	   PUF	   domain	   and	   target	   RNA	   was	   linked	   to	   a	   life-‐death	  

selection	   in	   Saccharomyces	   cerevisiae	   using	   a	   yeast	   three-‐hybrid	   system.	   From	   a	  

pool	  of	  PUF	  domain	  variants	  with	  randomized	  amino	  acids	  at	  positions	  12	  and	  16	  in	  

repeat	  6,	  PUF	  repeats	  with	  the	  residue	  combination	  SR	  were	  selected33.	  In	  a	  similar	  

study,	   arginine	   at	   position	   16	   was	   likewise	   selected;	   while	   in	   position	   12,	   other	  

small	  or	  nucleophilic	  side	  chains	  (G,	  A,	  S,	  T,	  or	  C)	  were	  selected34.	  This	  code	  could	  be	  

transferred	   to	   other	   PUF	   repeats33,	   34,	   and	   PUF	   domains	   with	   multiple	   cytosine-‐

recognizing	  repeats	  were	  shown	  to	  be	  functional33.	  

	  Recently,	   the	  PUF	  specificity	  code	  was	  expanded	  further	  using	  data	  gathered	  

from	  a	  high-‐throughput	  sequencing	  approach.	  These	  data	  allowed	  determination	  of	  

the	  specificity	  conferred	  by	  various	  combinations	  of	   the	  three	  amino	  acid	  residues	  

introduced	   into	   the	   seventh	   repeat	   of	   FBF-‐235.	   This	   approach,	   termed	   SEQRS,	  

combined	   in	   vitro	   selection,	   high-‐throughput	   sequencing	   of	   RNA	   and	   sequence	  

specificity	  landscapes.	  Multiple	  highly	  specific	  combinations	  were	  discovered	  for	  the	  

recognition	  of	  uracil,	   adenine,	   and	  guanine,	   some	  of	  which	  were	  de	  novo	   designed	  

amino	   acid	   combinations.	   For	   instance,	   the	   de	   novo	   designed	   CFQ	   and	   CYE	  
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(R12R13R16)	  amino	  acid	  combinations	  were	  more	  specific	  for	  adenine	  than	  any	  other	  

natural	  combinations35.	  

In	   order	   to	   facilitate	   the	  mutagenesis	   of	   PUF	   domains,	   we	   developed	   a	   PUF	  

repeat	   library	   with	   four	   variations	   in	   each	   PUF	   repeat,	   using	   the	   HsPum1	   PUF	  

domain	   as	   a	   scaffold32.	   Inspired	   by	   the	   Golden	   Gate	   assembly	   strategy	   commonly	  

used	  for	  the	  assembly	  of	  transcription	  activator-‐like	  (TAL)	  effector	  proteins36-‐39,	  we	  

have	  similarly	  assembled	  designer	  PUF	  domains	   from	  up	  to	  8	  mutant	  repeats,	  and	  

confirmed	   the	   change	   of	   specificity	   to	   the	   new	   predicted	   target	   RNA	   in	  vitro.	   The	  

assembly	  of	  the	  gene	  is	  highly	  efficient	  and	  requires	  only	  3	  days	  for	  the	  generation	  

of	  a	  PUF	  mutant	  of	  choice	  with	  as	  many	  mutations	  as	  necessary	  in	  accordance	  with	  

the	  PUF	  RNA-‐recognition	  code32.	  

	  

Challenges	  of	  PUF	  Engineering	  

Despite	  the	  apparent	  simplicity	  of	  the	  described	  RNA-‐binding	  code	  of	  HsPum1,	  

many	   PUF	   proteins	   utilize	   alternate	   binding	   modes,	   which	   may	   complicate	   the	  

engineering	  of	  synthetic	  RBPs.	  For	  example,	  while	  crystal	  structures	  of	  PUF	  domains	  

from	  human,	  mouse,	  fly,	  worm,	  and	  yeast	  PUF	  proteins	  revealed	  eight	  PUF	  repeats11,	  

26,	   27,	   40-‐43,	   some	   PUF	   domains,	   such	   as	   human	   Puf-‐A,	   have	   an	   eleven-‐repeat	   fold	  

shaped	  in	  an	  L-‐like	  structure21.	  Interestingly,	  Puf-‐A	  and	  its	  yeast	  ortholog	  Puf6	  bind	  

double	   or	   single-‐stranded	   RNA	   or	   DNA	   without	   sequence	   specificity	   in	   a	   mode	  

different	   from	   classical	   PUF	   proteins21.	   In	   these	   atypical	   PUF	   domains,	   the	  

protein/RNA	   interaction	   is	   achieved	   not	   through	   the	   C-‐terminal	   repeats	   that	  
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resemble	  those	  of	  the	  eight-‐repeat	  PUF	  proteins,	  but	  through	  the	  basic	  residues	  on	  

the	  inner	  concave	  surface	  of	  the	  N-‐terminal	  extension	  of	  Puf-‐A/Puf621.	  	  

More	   commonly,	   a	   number	   of	   PUF	   proteins	   are	   known	   to	   bind	   longer	   RNA	  

sequences	  and	  exhibit	  relaxed	  specificity	  due	  to	  base	  flipping40,	  42,	  44-‐47	  and	  the	  use	  of	  

additional	   RNA-‐binding	   pockets43,	  48.	   Additional	   binding	  modes	  were	   described	   in	  

HsPum1	   and	  HsPum2,	  where	   recognition	   of	   the	  Hoogsteen	   edge	   of	   bases	   or	   base	  

omission	  resulted	  in	  acceptance	  of	  bases	  not	  predicted	  by	  the	  code31.	  Therefore,	  it	  is	  

desirable	   to	   engineer	   a	   PUF	   architecture	   that	   would	  minimize	   additional	   binding	  

modes	   and	   allow	   the	   most	   predictable,	   robust	   scheme	   of	   engineering	   RNA	  

specificity.	   To	   this	   end,	   development	   of	   standardized	  PUF	   repeats	  would	   facilitate	  

applicability	  of	  PUF	  proteins	  for	  designer	  RBP	  engineering.	  

Furthermore,	  applications	  that	  would	  require	  targeting	  of	  a	  single	  RNA	  species	  

in	   an	   entire	   transcriptome	   would	   necessitate	   higher	   PUF	   specificity.	   Wild	   type	  

human	  Pumilio	  proteins	  HsPum1	  and	  HsPum2	  are	  known	  to	  have	  hundreds	  of	  RNA	  

targets49,	  50.	   The	  RBD	   architecture	   composed	   of	   8	   repeats	   that	   recognizes	   an	  RNA	  

sequence	  of	   8	  nucleotides	   (nt)	   (which	  would	   recognize	   a	   sequence	   approximately	  

once	   in	   65,000	   nt),	   appears	   to	   be	   suitable	   for	   this	   purpose.	   However,	   targeting	   a	  

unique	  RNA	  sequence	  would	  require	  recognition	  of	  a	   target	  at	   least	  14-‐16	  nt-‐long	  

(depending	  on	  the	  estimated	  size	  of	  the	  transcriptome),	  and	  further	  engineering	  of	  

PUF	  to	  meet	  this	  requirement.	  

The	   challenge	   of	   engineering	   a	   repeat	   domain	   with	   higher	   nucleic	   acid	  

specificity	   lies	   in	  the	  fact	   that	  each	  repeat	  has	  a	  characteristic	  binding	  energy.	  The	  

cumulative	  binding	  energy	  of	  8	  PUF	  repeats	  might	  already	  be	  enough	  for	  binding	  to	  
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the	   cognate	   8	   nt	   sequence	   and	   activity.	   Since	   additional	   PUF	   repeats	   would	   not	  

necessarily	   interfere	   with	   the	   binding	   of	   the	   original	   8	   repeats,	   increasing	   the	  

number	   of	   PUF	   repeats	   in	   a	   single	   protein	  may	   not	   necessarily	   lead	   to	   increased	  

specificity.	  On	  the	  contrary,	  the	  specificity	  might	  decrease	  due	  to	  off-‐target	  binding	  

of	  the	  additional	  repeats.	  In	  fact,	  it	  was	  shown	  with	  TAL	  effector	  DNA-‐binding	  repeat	  

proteins	  that	  excess	  DNA-‐binding	  affinity	  due	  to	  a	  greater	  number	  of	  repeats	  leads	  

to	  increased	  TAL	  effector	  nuclease	  activity	  against	  off-‐target	  sites51.	  	  

Nevertheless,	   in	   the	   attempt	   of	   increasing	   PUF	   specificity,	   a	   PUF	   domain	  

composed	  of	  16	  repeats	  was	   indeed	  developed.	  To	  this	  end,	   the	  HsPum1	  RBD	  was	  

inserted	  between	  repeats	  5	  and	  6	  of	  the	  same	  protein34.	  Using	  a	  yeast	  three-‐hybrid	  

assay,	   it	   was	   demonstrated	   that	   the	   extended	   PUF	   domain	   bound	   to	   its	   cognate	  

extended	  RNA	  target	  better	  than	  the	  eight-‐repeat	  PUF	  to	  the	  same	  RNA	  sequence34.	  

Although	   demonstration	   of	   functionality	   of	   such	   an	   extended	   PUF	   domain	   is	  

impressive,	   the	   increased	   specificity	   and	   reduced	   off-‐target	   effects	   of	   such	  

architecture	  are	  yet	  to	  be	  systematically	  tested.	  

However,	   it	   is	   possible,	   in	   theory,	   to	   increase	   the	   PUF	   specificity	   by	   the	  

implementation	   of	   a	   split-‐protein	   strategy,	   as	   shown	   previously52-‐54.	   In	   this	  

approach,	   the	   functional	   protein	   is	   assembled	   from	   inactive	   parts	   only	  when	   two	  

PUF	   domains	   fused	   to	   the	   inactive	   parts	   are	   bound	   to	   two	   adjacent	   binding	   sites,	  

thus	  theoretically	  increasing	  the	  PUF	  specificity	  to	  16	  nt.	  However,	  not	  every	  protein	  

has	   been	   shown	   to	   be	   functional	   when	   re-‐assembled	   in	   this	   fashion,	   so	   such	   a	  

strategy	   might	   require	   idiosyncratic	   engineering	   of	   a	   number	   of	   split	   protein	  

systems.	   It	   is	   therefore	   desirable	   to	   develop	   a	   PUF	   architecture	   with	   reduced	  

Page 11 of 24 Molecular BioSystems

M
ol

ec
ul

ar
B

io
S

ys
te

m
s

A
cc

ep
te

d
M

an
us

cr
ip

t



	   12	  

binding	  energy	  per	  repeat,	  which	  will	  only	  bind	  to	  an	  RNA	  target	  when	  specifically	  

bound	  to	  16	  nt.	  

	  

PUF	  Domain	  in	  Applications	  

The	   first	  application	  of	  a	  PUF-‐based	  designer	  RBP	  was	   in	   live-‐cell	   tracking	  of	  

mRNA.	  Visualization	  of	  RNA	  in	  live	  cells	  has	  previously	  been	  possible	  by	  tagging	  the	  

RNA	  of	   interest	  with	  multiple	   copies	  of	   recognition	   elements	   and	   the	  use	  of	  RBPs	  

tagged	   with	   green	   fluorescent	   protein	   (GFP)	   or	   similar	   proteins55.	   Although	  

successful	   in	   detecting	   and	   tracking	   RNA	   in	   live	   ells,	   this	   system	   requires	   prior	  

tagging	   of	   the	   RNA	   of	   interest,	   which	  may	   alter	   RNA	   abundance,	   translation,	   and	  

localization.	   Application	   of	   reprogrammable	   RBPs	   such	   as	   PUF	   domains	   for	   this	  

purpose	   allows	   targeting	   of	   untagged	   (and	   therefore	   minimally	   perturbed)	  

endogenous	   RNA.	   In	   order	   to	   reduce	   background	   fluorescence	   and	   improve	   the	  

signal-‐to-‐noise	   ratio,	   split-‐protein	   systems	   were	   implemented.	   For	   that	   purpose,	  

two	  PUF	  domains	  were	  used	   to	   reconstitute	   enhanced	  GFP	   (EGFP)	  or	  Venus	   from	  

two	  nonfunctional	  parts	  that	  were	  brought	  to	  proximity	  on	  target	  RNA52	  (Figure	  3a).	  

This	   approach	   allowed	   tracking	   of	  mitochondrial	   RNA52	   or	   single	  molecules	   of	   β-‐

actin	  mRNA54	   in	   cultured	  mammalian	   cells.	   In	   a	   similar	   strategy,	   a	   split	  mCitrine-‐

PUF	  system	  was	  used	  to	  track	  tobacco	  mosaic	  virus	  RNA	  in	  plant	  cells53.	  	  
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Figure	   3.	  Schematics	  of	  reported	  PUF	  applications.	  (a)	  RNA	  visualization	  using	  a	  split	  GFP	  system.	  

(b)	  Polyadenylation	  of	  mRNA	  using	  fusion	  to	  GLD2.	  (c)	  Deadenylation	  of	  mRNA	  using	  fusion	  to	  CAF1.	  

(d)	   Intron	  exclusion	  using	  a	  Gly-‐rich	  domain.	  (e)	   Intron	  inclusion	  using	  an	  Arg-‐Ser-‐rich	  domain.	  (f)	  

RNA	   cleavage	   using	   the	   PIN	   domain.	   (g)	   Enhancement	   of	   translation	   using	   eIF4E.	   (h)	   Translation	  

inhibition	  using	  PUF	  as	  a	  steric	  block	  to	  the	  translation	  initiation	  machinery.	  

	  

The	   ability	   to	   control	   gene	   expression	   is	   necessary	   for	   both	   fundamental	  

research	  as	  well	  as	  in	  applications	  ranging	  from	  cell	  fate	  manipulation	  to	  metabolic	  

engineering.	  Gene	  expression	  is	  regulated	  via	  the	  control	  of	  multiple	  aspects	  of	  RNA	  

metabolism,	   including	   capping,	   polyadenylation,	   splicing,	   translation,	   degradation,	  

editing,	  and	  transport.	  By	  fusing	  corresponding	  functional	  domains	  to	  RBDs	  such	  as	  

PUF,	   one	   can	   envision	   development	   of	   tools	   capable	   of	   sequence-‐specific	  

manipulation	  of	  RNA	  almost	  at	  any	  processing	  step	  (Figure	  3b-‐h).	  	  
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One	   such	   tool	  has	  been	  developed	   to	   inhibit	   translation	  via	   regulation	  of	   the	  

poly(A)	   tail	   of	   mRNA.	   To	   inhibit	   translation	   of	   microinjected	   reporter	   mRNA	   in	  

Xenopus	  oocytes,	  FBF-‐2,	  a	  PUF	  domain	  found	  in	  Caenorhabditis	  elegans,	  was	  fused	  to	  

Xenopus	   CAF1	   protein,	   which	   is	   known	   to	   exhibit	   deadenylation	   and	   translation	  

inhibition	  activities56.	  The	  system	  induced	  deadenylation	  and	  decreased	  translation	  

of	   luciferase	  mRNA.	   In	   another	   approach,	   a	   PUF	   domain	   alone,	   targeted	   to	   the	   5′	  

UTR	  of	  an	  mRNA,	  was	  used	  as	  a	  steric	  block	  in	  the	  translation	  initiation	  pathway	  to	  

inhibit	   the	   translation	   of	   a	   downstream	   reporter	   gene57,	   58.	   The	   elegance	   of	   such	  

approach	  allowed	  for	  translational	  repression	  of	  an	  individual	  reporter	  cistron	  in	  a	  

bicistronic	  reporter	   in	  Escherichia	  coli58.	   In	  our	  work,	  a	  PUF	  domain	  from	  HsPum1	  

was	   fused	   to	   human	   tristetraprolin	   (TTP),	   a	   protein	   involved	   in	   AU-‐rich	   element-‐

mediated	  translational	  repression	  and	  mRNA	  degradation.	  The	  system	  allowed	  not	  

only	   translational	   inhibition	  of	   reporter	  mRNA,	  but	   also	   translational	   inhibition	  of	  

endogenously	  expressed	  vascular	  endothelial	  growth	   factor	  A	  (VEGFA)	   in	  cultured	  

human	  cells32.	  	  

The	   use	   of	   a	   PUF	   scaffold	   for	   sequence-‐specific	   enhancement	   of	   gene	  

expression	   in	   living	   systems	   was	   first	   demonstrated	   in	   Xenopus	   oocytes.	   	   FBF-‐2	  

protein	  was	   fused	  with	  GLD2,	  a	  cytoplasmic	  poly(A)	  polymerase,	  and	  the	  chimeric	  

protein	  was	  shown	  to	  direct	  polyadenylation	  of	  reporter	  RNA,	  enhance	  translation	  

of	   microinjected	   luciferase	   mRNA,	   and	   direct	   polyadenylation	   of	   endogenous	  	  

ribosomal	   protein	   L1	   mRNA56.	   In	   another	   well-‐designed	   study,	   the	   PUF	   domain,	  

which	  was	  targeted	  to	  the	  5′	  UTR	  of	  mRNA,	  was	  fused	  to	  the	  eukaryotic	  translation	  

initiation	   factor	   4E	   (eIF4E)	   to	   enhance	   translation	   of	   reporter	   luciferase	  mRNA57.	  
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Furthermore,	   light-‐inducible	   heterodimerization	   of	   PUF	   and	   eIF4E	   through	   light-‐

sensitive	   protein	   partners	   was	   demonstrated,	   thus	   allowing	   light-‐inducible	  

translation	   activation57.	   Alternatively,	   the	   PUF	   domain	   of	   FBF-‐2	   protein	   that	   was	  

mutagenized	  for	  specific	  binding	  to	  a	  new	  target	  sequence	  was	  fused	  with	  a	  segment	  

of	   S.	   cerevisiae	   poly(A)-‐binding	   protein,	   which	   is	   known	   to	   stimulate	   translation.	  

This	   chimeric	   protein,	   referred	   to	   as	   “neo-‐activator”,	   increased	   endogenous	   cyclin	  

B1	   abundance	   in	   a	   cancer	   cell	   line,	   and	   rendered	   the	   cell	   line	   hypersensitive	   to	  

chemotherapeutic	  drugs35.	  

Nature’s	  other	  strategy	  for	  controlling	  gene	  expression	  is	  regulation	  of	  mRNA	  

abundance.	   In	   many	   organisms,	   this	   strategy	   is	   achieved	   through	   the	   RNA	  

interference	  (RNAi)	  pathway,	  where	  a	  multi-‐component	  ribonucleoprotein	  complex	  

sequence-‐specifically	   cuts	   and	  degrades	   the	   target	  RNA59.	  An	  alternative	   synthetic	  

system	   for	   RNA	   cleavage	   termed	   artificial	   site-‐specific	   RNA	   endonuclease	   (ASRE)	  

was	  designed	  using	  a	  PUF	  domain	  fused	  to	  a	  non-‐specific	  endonuclease	  domain	  PilT	  

N-‐terminus	   (PIN)60.	  As	  a	  demonstration	  of	  applicability	  of	  ASRE	   in	  systems	  where	  

the	   RNAi	   pathway	   is	   absent,	   ASREs	   were	   designed	   to	   recognize	   and	   cut	   the	  

endogenous	  LacZ	  transcript	  in	  E.	  coli	  and	  a	  mammalian	  mitochondrial	  gene60.	  ASRE	  

was	   further	   developed	   for	   the	   potential	   treatment	   of	   myotonic	   dystrophy	   type	   1	  

(DM1)61.	  Caused	  by	  the	  expansion	  of	  (CTG)n	  in	  the	  3ʹ′	  UTR	  of	  dystrophia	  myotonica-‐

protein	  kinase	  (DMPK)	  gene,	  DM1	   is	  characterized	  by	   the	  accumulation	  of	   (CUG)n-‐

containing	   transcripts	   in	   the	   nucleus.	   ASRE	  was	   designed	   to	   specifically	   bind	   and	  

cleave	   (CUG)n-‐repeat	   containing	   transcripts	   in	   DM1	   patient	   cells	   and	   reverse	   the	  

phenotypical	  abnormalities	  associated	  with	  the	  pathogenic	  DMPK	  mRNA61.	  	  
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Alternative	  splicing	   is	  an	   important	  step	   in	  eukaryotic	  mRNA	  processing	   that	  

allows	   for	  expression	  of	  multiple	   isoforms	  of	  proteins	  with	  distinct	   functions.	  The	  

PUF	   domain	  was	   used	   as	   a	   scaffold	   for	   engineering	   artificial	   splicing	   factors	  with	  

designed	  sequence	  specificities	  and	  activities33,	  62.	  These	  engineered	  splicing	  factors	  

(ESFs)	  were	  constructed	  from	  a	  wild	  type	  or	  modified	  PUF	  domain	  of	  HsPum1	  fused	  

to	  a	  glycine-‐rich	  domain	  of	  hnRNP	  A1	  (Gly-‐PUF)	  or	  the	  arginine-‐serine-‐rich	  domain	  

of	   ASF/SF2	   (RS-‐PUF).	   Consistent	   with	   the	   reported	   activities	   of	   the	   tethered	  

domains,	  a	  Gly-‐PUF	  type	  ESF	  repressed	  inclusion	  of	  the	  cassette	  exon	  containing	  the	  

cognate	   target	   sequence	   of	   PUF,	  while	   an	  RS-‐PUF	   type	  ESF	  promoted	   inclusion	  of	  

the	  same	  cassette	  exon	  in	  reporter	  constructs33,	  62.	  The	  designer	  ESF	  was	  shown	  to	  

be	  able	  to	  shift	  splicing	  of	  endogenous	  pre-‐mRNA	  of	  Bcl-‐x	  towards	  the	  short	  Bcl-‐xS	  

isoform,	   thereby	   promoting	   apoptosis62,	   as	   well	   as	   promote	   splicing	   towards	   the	  

anti-‐angiogenic	  isoform	  b	  of	  endogenous	  VEGFA	  gene33	  in	  cultured	  cancer	  cells.	  	  

The	   plug	   and	   play	   approach	   of	   PUF-‐based	   RBP	   engineering	   is	   still	   far	   from	  

being	   exhausted.	   For	   example,	   in	   our	   unpublished	  work,	  we	   engineered	   a	   ligand-‐

dependent	  interaction	  of	  the	  PUF	  domain	  with	  the	  cellular	  motor	  kinesin.	  Using	  this	  

system,	  we	  observed	  re-‐localization	  of	  reporter	  mRNA	  containing	  PUF-‐binding	  sites	  

in	   its	   3′	   UTR	   to	   the	   (+)-‐end	   of	   microtubules	   anchored	   at	   the	   cell	   periphery	   of	  

mammalian	   cells	   (Abil	   et	   al.,	   unpublished	   results).	   This	   tool	   could	   be	   useful	   in	  

regulation	   of	   local	  mRNA	   translation	   in	   highly	   polarized	   cells	   like	   neurons.	   Other	  

potential	  applications	  of	  PUF-‐based	  factors	  have	  been	  proposed7,	  9,	  and	  have	  not	  yet	  

been	  demonstrated.	  These	  include	  factors	  to	  control	  RNA	  localization,	  RNA	  editing,	  
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control	   of	   alternative	   polyadenylation,	   regulation	   of	   transcription,	   and	   alternative	  

approaches	  or	  improved	  versions	  for	  already	  demonstrated	  applications.	  

	  

Potential	  Use	  of	  Other	  Reprogrammable	  RNA-‐Binding	  Proteins	  

PPR	   proteins	   are	   another	   RNA-‐binding	   class	   of	   proteins	   found	   primarily	   in	  

mitochondria	   and	   chloroplasts	   of	   land	   plants,	   where	   they	   participate	   in	   RNA	  

cleavage,	  splicing,	  degradation,	  editing	  and	  translation63,	  64.	  The	  RNA-‐binding	  motif	  

consists	   of	   2-‐30	  degenerate	   repeats	   that	   are	   approximately	  35	   amino	  acids	   long65	  

and	   are	   organized	   in	   a	   helix-‐turn-‐helix	   structure14,	   66,	   67.	   Like	   PUF	   proteins,	   PPR	  

proteins	   bind	   RNA	   in	   a	   1:1	   correspondence	   between	   repeats	   and	   bases,	   and	  

recognize	   ssRNA	   in	   a	   modular	   fashion13-‐15,	   68.	   Computational,	   biochemical,	   and	  

structural	  analyses	  of	  PPR	  proteins	  agree	  that	  residue	  5	  in	  each	  repeat	  contributes	  

to	  distinguishing	  between	  purines	  and	  pyrimidines13-‐15,	  68.	  Residue	  35,	  on	  the	  other	  

hand,	   was	   predicted	   to	   discriminate	   between	   adenine	   and	   guanine,	   as	   well	   as	  

between	  cytosine	  and	  uracil.	  It	  should	  be	  noted	  that	  alternative	  numbering	  of	  amino	  

acid	   residues	   in	   the	   PPR	  motif	   has	   been	   used	   by	   different	   authors.	   The	   preferred	  

numbering	  used	   in	   this	  review	  is	   that	  used	   in	   the	  reference	  14,	  where	   the	  residue	  

delimitation	  started	   from	  the	   first	  residue	   in	  the	   first	  helix	  of	  a	  repeat.	  Alternative	  

numbering	   systems	   include	   that	   used	   in	   references	   13	   and	   29,	   where	   the	  

aforementioned	  residues	  5	  and	  35	  of	  the	  same	  repeat	  correspond	  to	  a	  residue	  6	  of	  

the	  same	  repeat	  and	  1’	  of	  the	  following	  repeat,	  and	  that	  proposed	  in	  the	  reference	  

15,	  where	   they	   correspond	   to	   residues	  4	  and	   ii	   (2	   residues	  before	   the	   first	   amino	  

acid	  of	  the	  next	  repeat),	  respectively.	  
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The	  co-‐crystal	  structure	  of	  maize	  chloroplast	  PPR10	  with	  an	  18-‐nt	  RNA	  from	  

PSAJ-‐RPL33	   intergenic	   region	  provided	  a	  molecular	  basis	   for	   specific	   and	  modular	  

recognition	  of	  adenine,	  guanine,	  and	  uracil14.	  Specific,	  modular	  recognition	  of	  PSAJ	  

RNA	  is	  achieved	  by	  repeats	  3-‐6	  and	  repeats	  16	  and	  17	  of	  the	  19-‐repeat	  PPR	  domain.	  

In	  each	  of	   these	  repeats,	   residue	  5	   interacts	  with	  a	  single	  RNA	  base	  (5’-‐G1-‐U1-‐A3-‐

U4-‐3’	  and	  5’-‐U15-‐U16-‐3’)	  through	  direct	  hydrogen	  bonds.	  Thus,	  residues	  threonine,	  

asparagine,	   and	  serine	  at	  position	  5	   in	   these	   repeats	   are	  bound	   to	  guanine,	  uracil,	  

and	   adenine14	   (Figure	   2b).	   Another	   amino	   acid,	   which	   is	   located	   at	   position	   2,	   is	  

sandwiched	  between	   two	  adjacent	  bases	   in	   a	   stacking	   interaction14,	  29,	   and	   thus	   is	  

analogous	   to	   the	  residue	  at	  position	  13	   in	  PUF	  proteins	  (Figure	  2b).	  Residue	  35	   is	  

located	   in	   the	   vicinity	   of	   the	   recognized	   base	   (Figure	   2b),	   and	   is	   speculated	   to	  

contribute	   to	  binding	  either	   through	  water	  molecules	  or	  by	  stabilizing	   the	  residue	  

35	  at	  an	  RNA-‐bound	  conformation14.	  Noteworthy,	  the	  specific	  recognition	  of	  RNA	  by	  

a	  PPR	  motif	  is	  “parallel”,	  i.e.	  the	  N-‐terminal	  repeat	  of	  PPR	  binds	  to	  the	  5ʹ′-‐end	  of	  the	  

target	  RNA	  sequence,	  in	  contrast	  to	  the	  PUF	  proteins	  (Figure	  1b).	  In	  addition,	  PPR10	  

in	   complex	   with	   RNA	   forms	   an	   asymmetric	   dimer,	   the	   existence/significance	   of	  

which	  under	  physiological	  conditions	  remains	  unknown14.	  

The	   structure	   of	   a	   small	   PPR	   from	   Brachypodium	   distachyon,	   thylakoid	  

assembly	   8	   (THA8),	   revealed	   five	   tandem	   repeats69.	   Only	   one	   of	   these	   repeats,	  

repeat	   4,	   exhibited	   a	   specific	   interaction	   with	   a	   base	   as	   predicted	   by	   the	   code:	  

guanine	   recognition	   by	   residues	   threonine	   and	   aspartate	   at	   positions	   5	   and	   35,	  

respectively69.	  The	  rest	  of	  the	  RNA	  is	  nonspecifically	  bound	  to	  the	  asymmetric	  dimer	  

interface	  formed	  by	  two	  THA8	  monomers.	  Such	  overall	  non-‐modular	  interaction	  of	  
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PPR	   with	   RNA	   is	   speculated	   to	   have	   arisen	   due	   to	   an	   inherently	   small	   RNA	  

recognition	  capacity	  of	  short	  PPRs,	  dimerization	  of	  which	  could	  have	  extended	  the	  

RNA-‐binding	  surface	  and	  increased	  the	  affinity	  towards	  RNA69.	  Overall,	  these	  results	  

suggest	   that	   short	   PPRs	   (5	   repeats	   and	   shorter)	   may	   not	   exhibit	   sufficient	   RNA	  

recognition	  capacity	  for	  biotechnological	  applications.	  

In	  vitro	   binding	  assays	   confirmed	   that	  mutagenesis	  of	   these	   two	  amino	  acids	  

could	   change	   the	   RNA	   sequence	   specificity	   according	   to	   the	   code13.	   The	   RNA-‐

recognition	   code	  was	   further	   confirmed	   using	   designer	   PPR	   proteins	   constructed	  

from	   sequences	   of	   standardized	   artificial	   repeats28,	   70.	   The	   standardized	   repeats	  

were	  constructed	  by	  selection	  of	  the	  most	  evolutionarily	  conserved	  amino	  acids	  at	  

each	   position	   of	   the	   PPR.	   Eight28	   or	   ten70	   of	   these	   standardized	   repeats	   were	  

assembled	  to	  form	  a	  designer	  PPR	  domain,	  which,	  unlike	  natural	  PPR	  proteins,	  was	  

shown	   to	  be	  highly	   soluble28.	  Using	  an	   in	  vitro	  binding	  assay,	   the	  code	   for	   specific	  

recognition	   of	   adenine,	   uracil,	   and	   cytosine	  was	   confirmed	   as	   R5R35	   combinations	  

ND	   for	   uracil,	   TN	   or	   SN	   for	   adenine,	   NS	   for	   cytosine28,	   70.	   This	   artificial	   PPR	  

architecture	   allowed	   specific	   and	  modular	   recognition	   of	   RNA	   in	   vitro28,	   70	  and	   is	  

promising	  for	  the	  development	  of	  designer	  RBPs	  for	  use	  in	  live	  cells.	  

Due	   to	   a	  more	   recent	   elucidation	   of	   the	  RNA-‐recognition	   code,	   PPR	   proteins	  

have	  not	  yet	  been	  used	  as	  widely	  as	  PUF	  proteins	  in	  reprogramming	  RNA	  specificity.	  

However,	  unlike	  PUF	  proteins,	  PPR	  proteins	  differ	  widely	   in	   their	  recognized	  RNA	  

sequences,	   which	  may	   be	   an	   indication	   of	   a	   greater	   plasticity	   and	   amenability	   to	  

engineering	  specificity.	  
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Clustered	   regularly	   interspaced	   short	  palindromic	   repeats	   (CRISPR)/CRISPR-‐

associated	   (Cas)	   systems	   are	   part	   of	   the	   bacterial	   and	   archaeal	   adaptive	   immune	  

system	  that	   targets	  phage	  DNA71-‐74.	   In	   this	  system,	  Cas9	  binds	  and	  cleaves	   foreign	  

DNA	   targets	   following	   the	   hybridization	   of	   the	   CRISPR-‐RNA	   to	   DNA.	   In	   addition,	  

Cas9	  recognition	  and	  cleavage	  activities	  require	  a	  short	  DNA	  sequence	  known	  as	  the	  

protospacer	   adjacent	   motif	   (PAM),	   which	   is	   located	   next	   to	   and	   on	   the	   opposite	  

strand	   of	   the	   20-‐nt	   target	   sequence75.	   Because	   of	   this	   ability	   to	   bind	   and	   cleave	  

double-‐stranded	   DNA,	   as	   well	   as	   its	   simple	   re-‐programmability,	   the	   CRISPR/Cas	  

system	  has	  been	  used	   as	   a	  powerful	   tool	   for	   genome	  editing	   and	  gene	   expression	  

regulation	  in	  multiple	  prokaryotic	  and	  eukaryotic	  systems76.	  	  

Recently,	  it	  was	  demonstrated	  that	  the	  CRISPR/Cas	  system	  can	  also	  be	  used	  for	  

specific	   binding	   and	   cleavage	   of	   RNA	   in	   vitro30.	   For	   this	   purpose,	   Streptococcus	  

pyogenes	   Cas9	   was	   used	   in	   combination	   with	   guide	   RNA	   and	   a	   separate	   ssDNA	  

oligonucleotide	   (PAMmer)	   bearing	   the	   PAM	   motif	   (Figure	   1c).	   The	   specially	  

designed	  PAMmer	  enabled	  binding	  and	  cleavage	  of	  target	  ssRNA	  while	  avoiding	  the	  

corresponding	  DNA	  sequences.	  In	  addition,	  a	  nuclease-‐deficient	  Cas9	  could	  be	  used	  

to	   pull	   down	   endogenous,	   untagged	   GAPDH	   mRNA	   from	   HeLa	   cell	   lysates.	   The	  

applicability	  of	  the	  CRISPR/Cas	  system	  for	  RNA	  recognition	  and	  functional	  activity	  

has	   not	   yet	   been	   demonstrated	   in	   vivo.	   However,	   this	   strategy	   of	   reprogramming	  

RNA	  recognition	  is	  promising,	  and	  if	  successful,	  will	  abolish	  the	  need	  of	  redesigning	  

RBPs	  for	  each	  new	  target.	  	  

	  

Conclusions	  
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Our	  interest	  in	  RNA	  biology	  is	  increasing,	  and	  so	  is	  the	  demand	  for	  new	  tools	  

for	   the	   study	   and	   manipulation	   of	   RNA.	   Despite	   the	   relative	   youth	   of	   the	  

reprogrammable	  RBD	   field,	   exciting	  advances	  have	  been	  made	   in	   the	  past	  decade.	  

PUF	   is	   no	   longer	   the	   only	   domain	   for	   which	   engineering	   of	   specificity	   has	   been	  

demonstrated.	  The	  discovery	  of	  the	  recognition	  code	  of	  the	  PPR	  domain	  as	  well	  as	  

implementation	  of	  Cas9	   for	  RNA	  recognition	  made	   them	  promising	   candidates	   for	  

engineering	   designer	   RBPs.	   To	   date,	   however,	   only	   PUF	   domains	   have	   been	  

extensively	  demonstrated	  as	  versatile	  tools	  that	  can	  function	  in	  live	  cells.	  The	  next	  

several	  years	  will	   reveal	   if	  PUF	  domains	  will	   still	  be	   the	  RBD	  of	  choice,	  or	   if	  novel	  

technologies	  will	  take	  over.	  In	  either	  case,	  the	  designer	  RBD	  field	  is	  clearly	  gaining	  

momentum,	  which	  will	  lead	  to	  the	  diversification	  of	  the	  field	  and	  powerful	  new	  tools	  

for	  regulation	  of	  the	  transcriptome.	  
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