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Why	  to	  design	  biological	  circuits?	  	  

COMPUTING	  APPLICATIONS	  
	  (molecular	  compu&ng)	  

ALTERNATIVE	  ENERGY	  
(bio-‐fuels)	  
Engineering	  bacteria	  that…	  
-‐	  Produce	  hydrogen	  or	  ethanol	  
-‐	  Transform	  waste	  into	  energy	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

BIO-‐SENSING	  
(detec&ng	  pathogens	  or	  toxins)	  
	  

MEDICAL	  APPLICATIONS	  
(targeted	  drug	  delivery)	  



What	  is	  a	  biological	  circuit?	  
It	  is	  a	  network	  of	  ac&va&on	  and	  repression	  interac&ons	  	  
between	  genes	  and	  proteins	  

Examples:	  Signal	  transduc&on	  networks	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Gene	  transcrip&on	  networks	  

CELL	  

How	  to	  construct	  biological	  circuits:	  SyntheLc	  biology	  

Chromosome	  
Plasmids	  

Repressilator	  

Signal	  carrier:	  protein	  amounts	  
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Fluorescence	  quan&fies	  	  
protein	  concentra&on	  
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BoMom-‐up	  design	  of	  complicated	  systems	  is	  a	  
major	  goal	  
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Working	  “modules”	  

Bo]om-‐up	  
circuit	  design	  

Outline	  
ANALYSIS	  

Modularity	  and	  retroacLvity	  

DESIGN	  
InsulaLon	  devices	  to	  aMenuate	  retroacLvity	  
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-‐	  	  DDV:	  <<I	  would	  like	  to	  use	  your	  clock	  to	  create	  a	  mul&-‐	  module	  system.	  We	  can	  start	  by	  connec&ng	  
the	  clock	  to	  a	  slave	  that	  must	  be	  &med	  [DDV	  shows	  this	  on	  slide]	  We	  can	  use	  the	  ac&vator	  as	  the	  
output	  of	  the	  clock	  and	  use	  it	  as	  an	  input	  to	  the	  downstream	  system	  and...>>	  	  
	  
-‐	  	  WB:	  <<Wait,	  wait,	  wait!	  What	  is	  an	  input?	  And	  an	  output?	  What	  the	  heck	  are	  you	  talking	  about?>>	  	  
	  
-‐	  	  DDV:	  <<The	  ac&vator	  is	  a	  species	  that	  we	  can	  use	  as	  a	  driving	  input	  for...>>	  	  
	  
-‐	  	  WB:<<Again,	  input!	  What	  is	  an	  input?	  Input	  assumes	  that	  you	  are	  crea&ng	  boundaries	  somewhere	  
in	  the	  system.	  The	  ac&vator	  is	  just	  a	  protein!!!	  I	  am	  lost!>>	  	  
	  
-‐	  	  DDV:<<Ok,	  ok,	  let’s	  try	  like	  this.	  I	  mean	  A	  is	  an	  input	  to	  the	  downstream	  system	  if	  it	  also	  ac&vates	  
some	  gene	  in	  the	  downstream	  system	  and...	  >>	  	  
	  
-‐	  	  WB:<<Ah,	  I	  see.	  You	  just	  want	  to	  add	  a	  gene	  with	  a	  promoter	  ac&vated	  by	  A.	  [These	  engineers	  are	  
weird...and	  what	  terminology	  they	  use...inputs!	  Ah!]	  Well,	  I	  bet	  if	  we	  do	  this,	  the	  clock	  will	  not	  work	  
anymore.>>	  	  
	  
-‐	  	  DDV:<<What?	  This	  does	  not	  make	  any	  sense!	  A	  is	  just	  an	  input	  to	  the	  downstream	  module>>	  	  
	  
-‐  	  WB:<<Module,	  what	  is	  a	  module???	  There	  are	  no	  boundaries	  in	  biological	  systems.	  Everything	  is	  

just	  a	  mix	  of	  things.	  If	  I	  add	  more	  stuff	  to	  the	  clock,	  why	  should	  it	  s&ll	  work???	  Ahhh,	  you	  
engineers!	  You	  think	  biology	  is	  like	  engineering	  and	  want	  to	  tell	  us	  how	  to	  handle	  biological	  
systems?	  [laughing!]	  You	  have	  no	  idea	  what	  you	  are	  talking	  about.	  Go	  back	  home	  kiddo!	  Go	  back	  
to	  work	  on	  your	  Electrical	  Circuits!!!>>	  	  



Does	  the	  clock	  really	  fail	  when	  ‘connected’?	  
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RetroacLvity	  
(loading	  in	  biological	  circuits)	  

(Atkinson	  et	  al,	  Cell	  2003)	  

R	   A	  

R	   A	  R	   A	  

Upstream	  system	  
Downstream	  

	  system	  

As	  a	  result,	  we	  fail	  to	  transmit	  the	  periodic	  signal	  to	  the	  downstream	  system	  
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Modularity	  

Modularity	  guarantees	  that	  the	  input/output	  behavior	  of	  a	  system	  does	  	  not	  depend	  	  
on	  the	  context	  (surrounding	  systems)	  
	  
	  

Func&onal	  modules	  recur	  also	  	  in	  biological	  	  
networks	  (e.g.	  Alon	  (2007)),	  but	  
unfortunately,	  their	  func&onality	  

is	  olen	  context	  dependent	  
	  
	  
	  

The	  emergent	  integrated	  circuit	  of	  the	  cell	  

Internal	  circuitry	  of	  the	  PID	  

In	  electrical	  circuits,	  a	  module’s	  
behavior	  does	  not	  depend	  on	  the	  

modules	  it	  connects	  to	  	  
11	  
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A	  “system	  concept”	  to	  explicitly	  model	  retroacLvity	  

Familiar	  
Examples:	  	  

u	
 y	


s	
r	

Retroac&vity	  to	  the	  output	  Retroac&vity	  to	  the	  input	  

Def:	  The	  I/O	  model	  of	  the	  isolated	  system	  is	  obtained	  when	  s=0	  

Related	  formalisms:	  
	  Willems,	  Paynter	  

Del	  Vecchio	  and	  Sontag,	  EJC	  2009	  
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A	  geneLc	  circuit	  is	  composed	  of	  interconnected	  
transcripLonal	  components	  

But,	  is	  its	  input/output	  response	  unchanged	  upon	  interconnecLon?	  

Z 
X 

A	  transcripLonal	  
component	  is	  typically	  

viewed	  as	  an	  input/output	  
module	  

Transcrip&onal	  component	  



13	  retroac&vity	  measure	  

total	  amount	  of	  site	  p	   Use	  sing	  pert	  

dissocia&on	  	  
constant	  

connected	  

downstream	  
component	  

transcrip&on	  component	  

isolated	  

	  	  D.	  Del	  Vecchio,	  A.	  J.	  Ninfa,	  and	  E.	  D.	  Sontag,	  Molecular	  Systems	  Biology,	  2008	  
A.	  Gyorgy	  and	  D.	  Del	  Vecchio,	  PLOS	  Comput	  Biol	  2014	  (Thevenin’s’like	  thm	  for	  arbitrary	  networks)	  

transcrip&on	  component	  

produc&on	   decay	  

RetroacLvity	  effects	  in	  a	  transcripLonal	  module	  

Too	  clu]ered	  
divide	  into	  
two	  slides	  

Draw	  detailes	  
in	  the	  picture	  
that	  show	  the	  
drag	  down—
like	  in	  the	  
RNAP	  project
—shows	  
pictorially	  in	  
layman	  words	  
what	  is	  going	  
on	  

s	


X	
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In	  vivo	  experiments	  (yeast)	  
Step	  response	  

isolated	  
connected	  

isolated	  
connected	  

isolated	  
connected	  

isolated	  
connected	  

Frequency	  response	  

Retroac&vity	  slows	  down	  the	  response	  of	  a	  transcrip&onal	  component	  (reduces	  bandwidth)	  
Has	  also	  been	  shown:	  	  in	  transcrip&onal	  systems	  in	  E.coli	  	  (Jayanthi	  et	  al.	  ACS	  Synth	  Bio,	  2013)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  signaling	  systems	  in	  vitro	  	  (Jiang	  et	  al.	  Science	  Signaling,	  2011)	  

With	  Mishra,	  Rivera,	  and	  Weiss	  

Transcrip&onal	  	  
component	  

Downstream	  
system	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

(X)	

(Z)	


p	  



InsulaLon	  devices	  to	  aMenuate	  retroacLvity	  

Outline	  
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ANALYSIS	  

Modularity	  and	  retroacLvity	  

DESIGN	  
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InsulaLon	  devices	  for	  aMenuaLng	  retroacLvity	  
In	  general,	  we	  cannot	  design	  the	  downstream	  system	  (the	  load)	  such	  that	  it	  	  
has	  low	  retroac&vity.	  But,	  we	  can	  design	  an	  insula&on	  system	  to	  be	  placed	  	  
between	  the	  upstream	  and	  downstream	  systems.	  	  

S	  
	  

u	   y	  

r≈	  0	  

1.  The	  retroac&vity	  to	  the	  input	  is	  approx	  zero:	  r≈0	  
2.	  	  	  The	  retroac&vity	  to	  the	  output	  s	  is	  a]enuated	  
	  



Principle	  1:	  RetroacLvity	  aMenuaLon	  through	  
high-‐gain	  feedback	  
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Principle	  1:	  implementaLon	  with	  phosphorylaLon	  
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Using	  a	  simple	  one-‐step	  reac&on	  model	  for	  
the	  phosphoryla&on	  and	  dephosphoryla&on	  reac&ons:	  
	  

Del	  Vecchio,	  Ninfa,	  and	  Sontag,	  MSB,	  2008	  
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Principle	  2:	  RetroacLvity	  aMenuaLon	  based	  on	  
Lme	  scale	  separaLon	  
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SimulaLon	  results	  on	  a	  larger	  computaLonal	  model	  

Fast	  cycle	  

Slow	  cycle	  

Note:	  Insula&on	  is	  a]ained	  with	  pT	  =100	  *	  X	  	  
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These	  systems	  can	  be	  extracted	  from	  natural	  networks	  and	  re-‐engineered	  to	  func&on	  	  
as	  insula&on	  devices	  for	  synthe&c	  biology	  	  

Isolated	  	  
system	  

Connected	  
system	  

Next:	  construct	  the	  insula&on	  device	  in	  living	  cells	  and	  experimentally	  demonstrate	  that	  	  
it	  a]enuates	  retroac&vity	  when	  placed	  between	  two	  modules	  
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UT,	  UR=0.03	  μM	   UT,	  UR=0.1	  μM	   UT,	  UR=1	  μM	  

Isolated	  
Connected	  

Experimental	  Results	  	  

Covalent	  modifica&on	  cycles	  can	  be	  re-‐engineered	  to	  func&on	  as	  insula&on	  devices!	  
Jiang,	  Ventura,	  Merajver,	  Sontag,	  Del	  Vecchio,	  Ninfa,	  Del	  Vecchio,	  Science	  Signaling,	  2011	  
	  

In	  2010	  Alexander	  Blake	  was	  finally	  persuaded	  	  
to	  do	  the	  experiments	  in	  vitro…	  

Great! It took  4 years to have an
expert in signal transduction validate my design in 

a probe. 


How long is it going to take me to have a synthetic 
biologist (luckily an engineer!) validate  this by
constructing the circuit in a eukaryotic cell?



5 years (2009-2014)
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Our	  Lme-‐scale	  based	  mechanism	  was	  general	  
enough	  to	  apply	  to	  complex	  systems	  in	  vivo	  

Z	   Z*	  

W	   W*	  

X	   X*	   X**	  

input	  

Downstream	  
system	   p	  

output	  

YPD1/SKN7	  pathway	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Z	  =	  Sln1	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  W	  =	  Ypd1	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  X	  =	  Skn7	  

k1

k2

k3

k4

k5

k6

k7

k8

Work	  with	  Ron	  Weiss	  (MIT)	  

(model	  has	  about	  30	  state	  variables	  and	  
	  more	  than	  50	  poorly	  known	  parameters)	  

s	
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isolated	  
connected	  

isolated	  
connected	  

isolated	  
connected	  

Without	  insulaLon	  device	  

ImplementaLon	  of	  	  
the	  insulaLon	  device	  in	  vivo	  

isolated	  
connected	  

isolated	  
connected	  

isolated	  
connected	  

With	  insulaLon	  device	  Data	  not	  normalized	  

Mishra,	  Rivera,	  Del	  Vecchio*	  and	  Weiss*,	  CondiJonally	  Accepted	  Nature	  Biotech.,	  2014	  

InsulaLon	  device	  
Transcrip&onal	  	  
component	  

Downstream	  
system	  

Transcrip&onal	  	  
component	  

Downstream	  
system	  

Quoting the biological engineering student who
performed the experiments 
when he saw the first data:


<<I cannot believe what I see: It works!

All this theory that looks like black magic 
is actually right? What a surprise! 

I now start to understand the difference
between theory and modeling… >>
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Summary	  
We	  have	  proposed	  a	  system	  concept	  	  with	  retroac&vity	  
to	  model	  impedance-‐like	  effects	  in	  biomolecular	  networks	  	  

r=0	  

We	  have	  introduced	  the	  no&on	  of	  insula&on	  device	  
and	  introduced	  a	  mechanism	  for	  retroac&vity	  a]enua&on	  
based	  on	  &me	  scale	  separa&on	  

The	  future	  

Other	  circuits	  

Modules	  o2en	  have	  “off-‐target”	  interac:ons	  	  

Cellular	  resources	  

Retroac:vity	  between	  modules	  is	  one	  
source	  of	  context	  dependence	  
We	  have	  laid	  out	  the	  theoreJcal	  foundaJons	  
to	  analyze	  and	  fix	  it	  

Modules	  also	  apply	  retroac:vity	  to	  the	  “cellular	  
system”:	  creates	  subtle	  couplings	  

Interes:ng	  disturbance	  aDenua:on	  problems	  
	  for	  nonlinear	  systems,	  which	  o2en	  cannot	  be	  
solved	  through	  explicit	  feedback	  
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Who is this?


