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purely fictitious.
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dead is purely coincidental.

All dialogues are fictitious and resemblance
to real events ig also purely coincidental.
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Why to design biological circuits?

ALTERNATIVE ENERGY -
(bio-fuels) /,
Engineering bacteria that... g
- Produce hydrogen or ethanol i '

- Transform waste into energy

COMPUTING APPLICATIONS

;‘\' )
% (molecular computing)

~\’/\‘{ “.'.",

MEDICAL APPLICATIONS
(targeted drug delivery)

BIO-SENSING
(detecting pathogens or toxins)




What is a biological circuit?

It is a network of activation and repression interactions
between genes and proteins

Examples: Signal transduction networks
Gene transcription networks

Signal carrier: protein amounts

How to construct biological circuits: Synthetic biology
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Bottom-up design of complicated systems is a
major goal

S g o
CQ“ o @O sottom o_ b

circuit design

Working “modules”

Outline

ANALYSIS
Modularity and retroactivity

DESIGN

Insulation devices to attenuate retroactivity



- DDV: <<I would like to use your clock to create a multi- module system. We can start by connecting
the clock to a slave that must be timed [DDV shows this on slide] We can use the activator as the
output of the clock and use it as an input to the downstream system and...>>

- DDV: <<The activator is a species that we can use as a driving input for...>>

- DDV:<<Ok, ok, let’s try like this. | mean A is an input to the downstream system if it also activates
some gene in the downstream system and... >>

- DDV:<<What? This does not make any sense! A is just an input to the downstream module>>



Does the clock really fail when ‘connected’?

Downstream

........................ - L

Retroactivit

(loading in biological circuits)

: : : 1
ol O
~ —~08
g g
= 15 =
.g .g 0.6}
g g |
= 10} =
5 o4
= =
@] @]
(S sl (&}
a4 < 0.2}
% 10 20 30 40 50 %
5t 0.25
~~ ~~
2 2
4, '
g g
= =
B3 E015
gz g 0.1
Q Q
= <
0

0

10

10 20 30 40 50

20 30 40 50 0
time (hrs)

0.0SJ
O L

10 20 30 40 50
time (hrs)

As a result, we fail to transmit the periodic signal to the downstream system 10



Modularity

Modularity guarantees that the input/output behavior of a system does not depend
on the context (surrounding systems)
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Functional modules recur also in biological
networks (e.g. Alon (2007)), but
unfortunately, their functionality
is often context dependent

In electrical circuits, a module’s
behavior does not depend on the
modules it connects to
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A “system concept” to explicitly model retroactivity
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A genetic circuit is composed of interconnected
transcriptional components

7 Transcriptional component A transcriptional
oN | X component is typically
0O viewed as an input/output
\ — I_I module
e X

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



Retroactivity effects in a transcriptional module

retroactivity measure
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System
Input

Transcriptional component

Control F = 250 min

Downstream
system

In vivo experiments (yeast)
Transcriptional
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Retroactivity slows down the response of a transcriptional component (reduces bandwidth)

Has also been shown: in transcriptional systems in E.coli (Jayanthi et al. ACS Synth Bio, 2013)

in signaling systems in vitro (liang et al. Science Signaling, 2011)
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Insulation devices for attenuating retroactivity

In general, we cannot design the downstream system (the load) such that it
has low retroactivity. But, we can design an insulation system to be placed
between the upstream and downstream systems.

——————————————————————————————

1. The retroactivity to the input is approx zero: r=0
2. The retroactivity to the output s is attenuated



Principle 1: Retroactivity attenuation through
~ high-gain feedback
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as G grows, the signals X (¢) and X (t) become close to each other 17



Principle 1: implementation with phosphorylation

Phosphorvlation cvcle

Amplification through
phosphorylation

utput Downstream

X* v > system
w P

Feedback through
dephosphorylation

Using a simple one-step reaction model for
the phosphorylation and dephosphorylation reactions:

A phosphorylation cycle functions as an insulation device for large amounts of X and Y 18



SCRIPT (2008): DDV and William Blake (WB)—
Proposing the construction of insulation devices

- DDV: <<You were right that the clock would not work. Retroactivity can be responsible for that, but
| think | have found a solution using covalent modification cycles as buffers between the clock and
the downstream system [DDV shows slide and explains the principle through feedback]>>

- DDV: <<A one-step reaction for both the forward and backward phosphorylation reactions>>

- DDV: <<Well, I am not sure about that given that there is no distinct cycle, but the basic idea
should still work since you still have forward and backward reactions that you can make strong...>>



Principle 2: Retroactivity attenuation based on
time scale separation

Isolated system Connected system
u Yy u y
— — e b
r s=20 r S v
< — < <

u = fo(t,u) + r(u,y)
u = fo(t,u) + r(u,y)

| y=G1f1(u,y) + C(’QMS(:U, ’v))
y = G1f1(u,y)

large = _ Very large rates:
v=—G2Ns(y,v) G>>1

Fact: There are a matrix 7 and a non-singular matrix B such that

BM —TN =0

Theorem: As (G increases, signals y(t) and y(t) approach each other

independent of whether G2 > G, G2 = O(G1), or Go K G

20




Simulation results on a larger computational model

Isolated
system

system

Note: Insulation is attained with pr=100 * X
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These systems can be extracted from natural networks and re-engineered to function
as insulation devices for synthetic biology

Next: construct the insulation device in living cells and experimentally demonstrate that
it attenuates retroactivity when placed between two modules
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In 2010 Alexander Blake was finally persuaded

PlII-UMP (uM)

to do the experiments in vitro...

Great!If fook 4 years o have an

gignal tr. etio ate my a’ﬁlgn in
5 years (2009-2014)
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Covalent modification cycles can be re-engineered to function as insulation devices!



Our time-scale based mechanism was general
enough to apply to complex systems in vivo

YPD1/SKN7 pathway

- k1 Z=SIn1
0 W = Ypd1
X =Skn7
—_— —
—] e
U (model has about 30 state variables and
output more than 50 poorly known parameters)
Downstream
system p|—>

Work with Ron Weiss (MIT)



System Transcriptional | | Downstream
ooooooooooooooooooo

- Implementation of e s
. . . . . D@ @
the insulation device in vivo RN

uuuuuuuuuuuu

Inculatinn davicao

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

\  <<leannot believe what [ gee: [t works/!
All this theory that looks like black magic
is actually right? What a surprise! }
[ now start to understand the difference
between theory and modeling... >>

[ M]

Mishra, Rivera, Del Vecchio* and Weiss*, 2014



Summary

We have proposed a system concept with retroactivity — —
to model impedance-like effects in biomolecular networks “ N

We have introduced the notion of insulation device
— e

and introduced a mechanism for retroactivity attenuation
based on time scale separation

The future

A

Retroactivity between modules is one

Cellular resources source of context dependence

We have laid out the theoretical foundations

A J

to analyze and fix it

7 AV 4

N > . Modules also apply retroactivity to the “cellular
system”: creates subtle couplings
_1 i | U Modules often have “off-target” interactions
___________________ .
Other circuits I Interesting disturbance attenuation problems

o e e e for nonlinear systems, which often cannot be
solved through explicit feedback
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Textbook

Biomolecular Feedback Systems

Princeton University Press, October 2014
by
Domitilla Del Vecchio and Richard Murray

draft available at
https://www.cds.caltech.edu/~murray/amwiki/BFS




Who is thie?
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