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Introduc)on	
  
Precise	
  and	
  predictable	
  gene	
  expression	
  is	
  fundamental	
  for	
  creaRng	
  new	
  syntheRc	
  circuits	
   inside	
  cells.	
  Since	
  gene	
  expression	
  is	
  mainly	
  controlled	
  by	
  the	
  promoter	
  sequences,	
  being	
  able	
  to	
  quickly	
  design	
  
promoters	
  with	
  minimal	
   experimental	
  workload	
   is	
   desired.	
   ExisRng	
  promoter	
   libraries	
  provide	
  a	
  design	
   starRng	
  point	
  but	
   the	
  final	
   promoter	
   sequence	
  will	
   vary	
  with	
  experimental	
   condiRons,	
   addiRonal	
  
binding	
  sites,	
  and	
  other	
  design	
  elements.	
  Here,	
  we	
  present	
  a	
  simple	
  algorithm	
  for	
  tuning	
  the	
  negaRve	
  autoregulatory	
  transcripRon	
  network	
  moRf	
  using	
  differenRal	
   in	
  vivo	
  RNA-­‐	
  based	
  computaRons.	
  The	
  
algorithm	
  comprises	
  two	
  stages:	
  sensiRvity	
  to	
  perturbaRons	
  is	
  minimized	
  first	
  and	
  the	
  steady	
  state	
  level	
  of	
  the	
  gene	
  product	
  is	
  set	
  second.	
  

Tuning	
   is	
   achieved	
  by	
  adjusRng	
   spacings	
  between	
   the	
   consensus	
   sequences	
   in	
   the	
   -­‐10/-­‐35	
  and	
   transcripRon	
   factor	
  binding	
   site	
  promoter	
   regions.	
  DifferenRal	
  RNA-­‐	
  based	
   computaRons	
  are	
  proposed	
   to	
  
minimize	
  measurement	
   sensiRvity	
   to	
  external	
  noise.	
  ComputaRons	
  are	
   realized	
  by	
  hybridizaRon	
   reacRons	
  between	
  modified	
  3'-­‐	
  UTRs	
  and	
  5'-­‐UTRs	
  of	
  mRNA	
  transcribed	
   from	
  different	
  promoter	
  designs.	
  
Convergence	
  of	
  the	
  algorithm	
  to	
  the	
  desired	
  design	
  irrespecRve	
  of	
  the	
  binding	
  kineRcs	
  is	
  shown	
  analyRcally.	
  Accuracy	
  of	
  the	
  method	
  in	
  measuring	
  differences	
  in	
  gene	
  expression	
  from	
  different	
  promoter	
  
sequences	
  is	
  shown	
  in	
  silico.	
  The	
  feasibility	
  of	
  the	
  approach	
  and	
  the	
  underlying	
  sequenRal	
  tuning	
  protocol	
  are	
  demonstrated	
  in	
  vivo.	
  	
  

Algorithm	
  
The	
  previously	
  derived	
  algorithm	
  holds	
  in	
  silico	
  for	
  general	
  promoter	
  funcRons	
  and	
  hence	
  is	
  compaRble	
  with	
  a	
  wide	
  range	
  of	
  repressor	
  proteins.	
  Minimal	
  prior	
  informaRon	
  regarding	
  the	
  design-­‐to-­‐parameter	
  
relaRonship	
  is	
  required.	
  

The	
  algorithm	
  comprises	
  two	
  stages.	
   	
  In	
  each	
  stage,	
  the	
  steady	
  state	
  expression	
  levels	
  from	
  compeRng	
  promoter	
  designs	
  are	
  measured	
  and	
  subtracted.	
   	
  The	
  sign	
  of	
  the	
  difference	
  and	
  the	
  locaRon	
  of	
  the	
  
promoter	
  alteraRon	
  then	
  determines	
  the	
  promoter	
  design	
  that	
  is	
  retained.	
   	
  MutaRons	
  in	
  the	
  operator	
  regions	
  are	
  treated	
  separately	
  from	
  mutaRons	
  in	
  the	
  -­‐10/-­‐35	
  promoter	
  region.	
   	
  Changes	
  in	
  consensus	
  
sequences	
  as	
  well	
  as	
  changes	
   in	
   the	
  consensus	
  sequence	
  spacings	
  are	
  possible.	
   	
  Herein,	
   in	
  order	
   to	
  perform	
  sensiRvity	
  analysis	
  of	
   the	
  proposed	
  experimental	
  methods,	
   tuning	
   is	
  performed	
  by	
  adjusRng	
  
spacings	
  between	
  the	
  consensus	
  sequences	
  in	
  the	
  -­‐10/-­‐35	
  and	
  transcripRon	
  factor	
  binding	
  site	
  regions.	
  

RNA	
  interference	
  
	
  

Step	
  2:	
  Assembly	
  	
  

Step	
  3:	
  Measurements	
  

Step	
  1:	
  Design	
  alteraRon	
   Step	
  4:	
  Data	
  analysis	
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Example	
  of	
  a	
  single	
  design	
  

1	
  hour	
  ~	
  

2	
  hours	
  ~	
  

Parts	
   with	
   appropriate	
   overlaps	
   from	
  
Step	
  1	
  are	
  assembled	
  together	
  using	
  the	
  
Gibson	
  assembly	
  method.	
  

Final	
   plasmids	
   with	
   ampicillin	
   resistance	
  
are	
  then	
  transformed	
  into	
  cells.	
  

Site-­‐directed	
   mutagenesis	
   is	
   performed	
  
on	
   plasmids	
  with	
   single	
   parts	
   (promoter	
  
with	
  fluorescent	
  or	
  repressor	
  protein).	
  

These	
   part	
   are	
   equipped	
   with	
   overlaps	
  
for	
  Gibson	
  assembly	
  and	
  blunt	
  restricRon	
  
sites,	
   which	
   allow	
   easy	
   removal	
   of	
   each	
  
part	
  using	
  restricRon	
  enzymes.	
  

3-­‐5	
  hours	
  ~	
  

Fluorescence	
   of	
   cultures	
   from	
   Step	
   2	
   is	
  
measured	
  in	
  parallel	
  over	
  Rme.	
  

Differences	
   between	
   wavelengths	
   of	
  	
  	
  	
  
the	
   used	
   fluorescent	
   proteins	
   (GFP	
   and	
  
RFP)	
   allows	
   for	
   parallel	
  measurement	
  of	
  
protein	
   levels	
   from	
   two	
   compeRng	
  
designs.	
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Comparison	
  with	
  non-­‐parallel	
  measurements	
  

Differences	
  in	
  GFP	
  and	
  RFP	
  levels	
  is	
  compared	
  
for	
  three	
  designs:	
  	
  
Design	
   1	
   -­‐	
   GFP	
   and	
   RFP	
   expressed	
   from	
  
idenRcal	
   promoters.	
   	
   This	
   design	
   is	
   used	
   to	
  
calibrate	
  the	
  other	
  measurements.	
  
Design	
   2	
   -­‐	
   GFP	
   is	
   expressed	
   from	
   a	
  mutated	
  
promoter.	
   	
  This	
  promoter	
  is	
  derived	
  from	
  the	
  
RFP	
  promoter	
  by	
  deleRng	
  3bp	
  separaRng	
  the	
  
palindromic	
   consensus	
   sequences	
   of	
   the	
   LacI	
  
operator.	
   	
   The	
  derived	
  promoter	
   is	
   expected	
  
to	
  be	
  less	
  efficient.	
  	
  Hence,	
  higher	
  relaRve	
  GFP	
  
levels	
  than	
  RFP	
  levels	
  are	
  expected.	
   	
  The	
  data	
  
shows	
   a	
   small	
   but	
   significant	
   difference	
   in	
  
agreement	
  with	
  the	
  expected	
  results.	
  
Design	
   3	
   -­‐	
   GFP	
   is	
   expressed	
   from	
   a	
  mutated	
  
promoter.	
   	
  This	
  promoter	
  is	
  derived	
  from	
  the	
  
RFP	
  promoter	
  by	
  inserRng	
  3bp	
  separaRng	
  the	
  
palindromic	
   consensus	
   sequences	
   of	
   the	
   LacI	
  
operator.	
   	
   The	
  derived	
  promoter	
   is	
   expected	
  
to	
  be	
  less	
  efficient.	
  	
  Hence,	
  higher	
  relaRve	
  GFP	
  
levels	
  than	
  RFP	
  levels	
  are	
  expected.	
   	
  The	
  data	
  
is	
   inconclusive	
   in	
   this	
   case,	
   suggesRng	
   a	
  
negligible	
  difference	
  in	
  operator	
  efficiencies.	
  
	
  
At	
   this	
   stage	
   of	
   the	
   algorithm,	
   since	
   the	
  
alteraRons	
  were	
  made	
  in	
  the	
  operator	
  region,	
  
the	
   design	
   with	
   the	
   lowest	
   expression	
   levels	
  
would	
  be	
  retained.	
  	
  Hence,	
  Design	
  1	
  or	
  Design	
  
3	
  would	
  be	
  retained	
  and	
  the	
  algorithm	
  would	
  
proceed	
   to	
   the	
   second	
   phase	
   where	
   the	
  
concentraRon	
  of	
   the	
   protein	
   levels	
  would	
   be	
  
set.	
  

In	
   comparison	
   to	
   non-­‐parallel	
   measurements	
   which	
  
use	
   only	
   GFP	
   under	
   control	
   of	
   different	
   promoters,	
  
our	
  proposed	
  method	
  offers	
  higher	
  sensiRvity	
   in	
  the	
  
detecRon	
  of	
  changes.	
  
	
  
This	
   can	
   be	
   seen	
   in	
   the	
   neighboring	
   plots,	
   where	
  
differences	
  between	
  fluorescence	
   levels	
  of	
  GFP	
  with	
  
default	
   promoter	
   and	
   GFP	
   with	
   altered	
   promoter	
  
(with	
   the	
   same	
   change	
   as	
   above	
   –	
   i.e.	
   3bp	
   deleted	
  
from	
   the	
  operator)	
   are	
   shown.	
  Using	
   the	
   tradiRonal	
  
approach,	
  no	
  difference	
  between	
  compeRng	
  designs	
  
is	
  detectable.	
  

Advantages	
  of	
  proposed	
  
parallel	
  measurements:	
  

•  higher	
  sensi)vity	
  to	
  changes	
  in	
  design	
  
•  lower	
  sensi)vity	
  to	
  disturbances	
  	
  
•  lower	
  experimental	
  complexity	
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Here	
  we	
  propose	
  another	
  step	
  of	
  improving	
  our	
  geneRc	
  network	
  tuning	
  algorithm	
  -­‐	
  the	
  "computaRon"	
  of	
  difference	
  between	
  the	
  expression	
  of	
  GFP	
  and	
  RFP	
  is	
  
done	
  inside	
  the	
  cell	
   	
  through	
  intercellular	
  mechanisms	
  instead	
  of	
  outside	
  through	
  data	
  analysis.	
  By	
  introducing	
  RNA	
  interference	
  into	
  the	
  tuned	
  geneRc	
  network	
  
we	
  hope	
  to	
  achieve	
  more	
  sensiRve	
  measurements	
  of	
  differences	
  in	
  protein	
  expressions.	
  In	
  our	
  construct	
  (see	
  above),	
  we	
  modified	
  the	
  3'UTR	
  of	
  the	
  GFP	
  gene	
  by	
  
inserRng	
   the	
   reverse	
   complement	
  of	
   the	
   region	
   surrounding	
   the	
  RBS	
  of	
   the	
  RFP	
  gene.	
   Transcribed	
  GFP	
  mRNAs	
  would	
   therefore	
  block	
   the	
  RBS	
  of	
  RFP	
  mRNAs	
  
prevenRng	
  their	
  translaRon.	
  	
  This	
  would	
  mean	
  we	
  could	
  directly	
  measure	
  the	
  difference	
  in	
  protein	
  expression	
  by	
  measuring	
  the	
  fluorescence	
  of	
  RFP.	
  Furthermore,	
  
we	
  hope	
  to	
  show	
  that	
  increased	
  complementarity	
  between	
  the	
  two	
  mRNAs	
  will	
  increase	
  the	
  accuracy	
  of	
  the	
  measurements	
  by	
  decreasing	
  leaky	
  expression	
  -­‐	
  the	
  
error	
   in	
   cell's	
   computaRon	
  program.	
  Further	
   increase	
   in	
  accuracy	
  may	
  be	
  possible	
  using	
  RT	
  qPCR	
   -­‐	
   instead	
  of	
   inhibiRng	
   translaRon,	
  one	
  of	
   the	
  mRNAs	
  will	
  be	
  
designed	
  to	
  	
  block	
  the	
  others	
  reverse	
  transcripRon.	
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