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Regulatory	
  RNA	
  interac8ons 

RNA’s	
  ability	
  to	
  form	
  complex	
  structures	
  that	
  can	
  interact	
  with	
  other	
  RNA	
  mol

ecules,	
  proteins,	
  and	
  small	
  molecules	
  enable	
  sophis8cated	
  behavior.	
   

Fig.	
  1	
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Synthe8c	
  riboregulator	
  is	
  able	
  to	
  trans-­‐ac8vate
	
  the	
  transla8on	
  of	
  a	
  cis-­‐repressed	
  gene	
  

Fig.	
  S4 



Thermodynamic	
  scheme	
  of	
  sRNA-­‐mRNA	
  int
erac8on 

Fig.	
  1A 



General	
  concepts	
  in	
  their	
  computa8onal	
  approach	
  	
   

Inverse	
  folding	
  	
  
problem	
  

Watson-­‐Crick	
  
Base	
  pairing	
  

Monte	
  Carlo	
  
Simulated	
  annealing	
  

h`p://what-­‐when-­‐how.com/molecular-­‐bi
ology/inverse-­‐folding-­‐problem-­‐molecular-­‐
biology/ 

h`p://www.boc.uu.se/boc14www/res_pr
oj/modula8ons.html 

h`p://ashakhov.wordpress.com/2011/01
/27/simulated-­‐annealing/ 



Computa8onal	
  design	
  of	
  sRNA	
  circuit 

1.	
  Choose	
  well-­‐defined	
  
structures	
  of	
  single	
  spe
cies 

2.	
  Algorithm	
  assig
ns	
  random	
  nucle
o8des	
  to	
  the	
  seq
uences	
  of	
  each	
  R
NA	
  species	
  

3.	
  Objec8ve	
  func8on	
  based	
  on	
  
MCSA	
  minimizes	
  free	
  energy	
  of	
  
complex	
  forma8on	
  ΔGform	
  and	
  
ac8va8on	
  energy	
  ΔGact 

Fig.	
  1B 



Engineered	
  RNA	
  devices	
   

Fig.	
  2 

Fig.	
  1C 

T4 T4 

T1 T2 

T3 T5 
•  Secondary	
  structures	
  are	
  s
pecified	
  for	
  the	
  single	
  RNA	
  
species.	
  

•  RBS	
  nucleo8des	
  sequence	
  i
s	
  maintained	
  fixed 



A	
  closer	
  look	
  at	
  device	
  RAJ11 

Fig.	
  S7	
  3D	
  helical	
  structure	
  of	
  RAJ1
1 

Fig.	
  S6 Conforma8onal	
  change	
  induced	
  by	
  
the	
  riboregulator	
  releases	
  the	
  RBS	
  
to	
  ac8vate	
  transla8on 



The	
  making	
  of	
  a	
  device	
  

•  Both	
  cis	
  and	
  trans	
  elements	
  
were	
  expressed	
  in	
  a	
  single	
  pl
asmid,	
  but	
  in	
  opposite	
  direc
8ons	
  

•  Each	
  device	
  was	
  added	
  to	
  th
e	
  plasmid	
  using	
  restric8on	
  e
nzymes	
  

•  TetO	
  and	
  LacO	
  promoters,	
  in
duced	
  by	
  aTc	
  and	
  IPTG	
  

Figure	
  S2.	
  



Cis	
  repression	
  of	
  the	
  RBS	
  is	
  very	
  effec8ve.	
  

•  In	
  the	
  cis	
  repressed	
  form,	
  the	
  RBS	
  
site	
  is	
  blocked	
  

•  Repressed	
  to	
  1-­‐4%	
  of	
  maximal	
  	
  

	
  	
  	
  	
  	
  output!	
  

5’-­‐UTR	
  mRNA	
  
	
  (cis	
  repressing	
  element)	
   Figure	
  S13.	
  

Figure	
  S4.	
  



Measuring	
  device	
  response	
  

•  Maximum	
  ac8va8on	
  fold	
  of	
  11.2	
  

•  4/6	
  devices	
  had	
  ac8va8on	
  fold	
  	
  	
  	
  l
ower	
  than	
  5	
  

Figure	
  3.	
  



Measuring	
  device	
  response	
  

•  Maximum	
  ac8va8on	
  fold	
  of	
  11.2	
  

•  4/6	
  devices	
  had	
  ac8va8on	
  fold	
  	
  	
  
lower	
  than	
  5	
  

Flow	
  Cytometry	
  Data	
  
Nega8ve	
  control:	
  no	
  RBS	
  	
  
Posi8ve	
  control:	
  open	
  RBS	
  

Figure	
  3.	
  
Figure	
  S15.	
  



Measuring	
  device	
  response	
  

•  Fluorometry	
  and	
  flow	
  cytometry	
  were	
  used	
  to	
  measure	
  	
  	
  	
  	
  	
  
GFP	
  fluorescence	
  independently	
  	
  

•  Results	
  varied	
  by	
  scale,	
  but	
  both	
  methods	
  increased	
  	
  

	
  	
  	
  	
  	
  together	
  with	
  high	
  correla8on	
  

Figure	
  S12.	
  

Fluorometry	
   Flow	
  Cytometry	
   Fluorometry	
  vs.	
  Flow	
  Cytometry	
  



The	
  six	
  devices	
  were	
  orthogonal	
  in	
  vivo.	
  

•  Computa8onal	
  predic8on	
  of	
  
orthogonality	
  at	
  1	
  μM	
  and	
  	
  	
  
100	
  μM	
  ini8al	
  conc	
  

Figure	
  4B.	
  

Figure	
  S11.	
  



The	
  six	
  devices	
  were	
  orthogonal	
  in	
  vivo.	
  

•  Computa8onal	
  predic8on	
  of	
  	
  	
  	
  	
  	
  	
  	
  	
  
orthogonality	
  at	
  1	
  μM	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
100	
  μM	
  ini8al	
  conc	
  

•  Experimental	
  valida8on	
  	
  

	
  	
  	
  	
  	
  displayed	
  minimal	
  cross-­‐talk	
  

•  If	
  RAJ11	
  and	
  RAJ21	
  had	
  the	
  	
  	
  	
  

	
  	
  	
  	
  	
  greatest	
  cross-­‐talk,	
  why	
  not	
  	
  

	
  	
  	
  	
  	
  validate	
  using	
  those	
  elements?	
  
Typo?	
  

Figure	
  4C.	
  



•  aTc	
  and	
  IPTG	
  used	
  as	
  system	
  inducers.	
  
–  Sound	
  familiar?	
  

•  Gate	
  ac8va8on	
  quan8fied	
  by	
  fluorescence	
  	
  

RAJ11	
  device	
  successfully	
  used	
  in	
  an	
  AND	
  gate.	
  

Figure	
  5A.	
  



RAJ11	
  device	
  successfully	
  used	
  in	
  an	
  AND	
  gate.	
  
•  RAJ11	
  exhibits	
  AND	
  gate	
  func8onality,	
  as	
  tested	
  by	
  fluorometry	
  

•  A	
  computa8onal	
  transfer	
  func8on	
  was	
  computed	
  based	
  on	
  	
  

	
  	
  	
  	
  	
  model	
  equa8on	
  and	
  experimental	
  results.	
  

Computa8onal	
  Transfer	
  Func8on	
  Figure	
  5B.	
  

Figure	
  S20.	
  



Strengths	
  
•  Engineer	
  devices	
  using	
  a	
  systema8c	
  algorithm!	
  

•  Work	
  done	
  in	
  context	
  of	
  cell	
  
–  Predetermined	
  structures	
  known	
  to	
  be	
  stable	
  in	
  vivo	
  

•  Both	
  cis	
  and	
  trans	
  elements	
  expressed	
  on	
  same	
  plasmid	
  
–  sRNA	
  and	
  mRNA	
  transcribed	
  locally	
  

•  RNA	
  regulated	
  gates	
  faster	
  than	
  protein	
  regulated	
  gates	
  

•  Implement	
  the	
  device	
  on	
  your	
  favorite	
  gene!	
  



Discussion	
  
•  Key	
  assump8ons	
  

–  Modeling	
  using	
  only	
  base	
  pair	
  interac8ons,	
  not	
  secondary	
  structure	
  
–  Ignores	
  kine8cs	
  of	
  folding	
  process	
  
–  Ini8al	
  interac8ons	
  between	
  sRNA	
  and	
  mRNA	
  caused	
  by	
  unpaired	
  nucl

eo8des	
  only	
  

•  Weaknesses	
  
–  AND	
  gate	
  governed	
  by	
  the	
  same	
  two	
  molecules	
  in	
  previous	
  papers

	
  (aTc	
  and	
  IPTG)	
  
–  Premature	
  /	
  inefficient	
  transcrip8on	
  may	
  occur	
  

–  Was	
  the	
  algorithm	
  successful?	
  	
  
–  Poor	
  presenta8on	
  of	
  ideas	
  in	
  paper	
  



Ques8ons?	
  






