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What is Synthetic Biology?
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a new area of biological research that combines science and engineering in 

order to design and build ("synthesize") novel biological functions and systems
source: wikipedia

Constructing novel gene networks

Investigating biology by building

and modeling equivalent systems

Synthesizing entirely new biomolecules

Rewriting genomes

Building new life

Andrianantoandro E  et al, 2006



The challenge of building gene 

networks
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Andrianantoandro et al, 2006

“…design of synthetic biological systems has become an iterative

process of modeling, construction, and experimental testing that 

continues until a system achieves the desired behavior.

The process begins with the abstract design of devices, modules, or 

organisms, and is often guided by mathematical models. The 

synthetic biologist then tests the newly constructed systems 

experimentally. However, such initial attempts rarely yield fully 

functional implementations because of incomplete biological 

information.

Rational redesign based on mathematical models improves system 

behavior in such situations. Directed evolution is a complimentary 

approach, which can yield novel and unexpected beneficial changes 

to the system. These retooled systems are once again tested 

experimentally and the process is repeated as needed.”

idea – x hours
model – x weeks 

network – x years       Weiss R, 2006



characterize
parts thoroughly

more testing

The gene network engineering cycle

Idea!

Design Your Network

Find Suitable Parts

Build Computer Model
and test out network

Assemble Network DNA

Test out Network in Cells

It worked!   :)

put it to use                 

:(  doesn’t work

Why?

debugging
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Tweak

Re-design

Retrofit
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Shortening the gene network engineering cycle

Better parts  Better Models

on-going concern in Syn Bio

standardisation

impact on host cell

compatibility

Directed Evolution

use diversity to cheat the cycle

requires selective pressures

not always straightforward

not rational design

More parts, more versions of each part

square peg/round hole

to optimize networks, need optimum parts

tweak before failure
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We’re playing with bricks we’ve found – ‘MacGyver’

E.coliE.coli V.fischerilambda

phage

cyanobacter 
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Toy models              Real world



Tom Ellis Sept 09

Screws – standard threading but different length, width, input

More parts, more versions of each part
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74 = 2401

More parts, more versions of each part
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A new gene network engineering cycle

Idea!

Design Your Network

Build Library of Parts

Build Computer Model
and test many networks

Assemble Network DNA

Test out a Network in Cells

It worked!   :)

put it to use                 

Take Test Data

Improve model
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1. Identify parts required

2. Identify diversity required

3. Synthesize libraries to     
have defined diversity

4. Characterise in parallel

We desire:

Quick synthesis

Defined Diversity

Parallel Characterisation



The idea… to bypass debugging

1. Make libraries of parts using diversity *

2. Make models of intended networks

3. Input library data into models

Models act as a guide  - selecting the best library parts 

for the output function needed

* should be characterizing parts anyway, so no big deal
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Library Synthesis Techniques - Promoters
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By Mutation:

Alper & Stephanopolous

By DNA shuffling:

Elowitz/Cohen

By Synthesis:

Jensen & Hammer



TATA StartTF-Box

Promoter Library Construction

Made using oligos

Include regulation sites

Uses de novo design

Characterise in parallel

TetR yeGFP
TEF1 -pr

~105-106 different

plasmids
~104 different

Plasmids

Yeast

Screen ~200 for GFP

Select and characterize a library (20)

Gal1-pr
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5‟ 3‟

3‟ 5‟

klenow

Order 120mer oligos (~ $75 each)

Enhancer region Reporter gene

Anneal and fill-in 

with Klenow 

fragment

Clone in promoter 

and recover library of 

~105 plasmids

TATA

StartTF-Box

5’-PstI---(N)35---TATA---(N)11---tetO2-(N)2 -tetO2- 3’



Regulated Promoter Libraries

Unrepressed (max) and repressed (min) 

expression from regulated promoters

TetR-regulated
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Regulated Promoter Library Characterisation

TetR-regulated promoters LacI-regulated promoters

Range of Smin and Smax

= range of input and output
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LacI-regulatedTetR-regulated



Giving it a go - What can we try that is interesting?

Negative feed-forward loop motif:     robust, non-linear

Modeling type:    prediction ahead of assembly

TX

LacI yeGFPTetR

ATc

IPTG
PTEF1 PLibT POR-LT
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1 library = 21 networks



Feed-Forward Loop Network

Assemble example networks

single-copy

genome-integrated

TX T8 T18

LacI yeGFPTetR

ATc

IPTG
PTEF1 PLibT POR-LT
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More complex case – Toggle ‘Timers’

Monostable toggles that act as programmable „timers‟

unbalanced mutual repression

Modeling type: predictions based on single example

TetR

LacI

reset time
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2 libraries = 441 networks



Toggle ‘Timers’

Toggle reset times can be extrapolated from 

promoter properties

Predicted relationship from

computational model + one experimental test
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Applying the network – a phenotype more interesting than GFP

Yeast flocculation: high expression of Flo1 = cell sedimentation

Why would this be of use?

Beer, wine, waste… and now biofuels

Advantages of the system – controlled, predictable

Flo1 can be direct replacement for GFP

Sedimentation is a threshold event
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Yeast Flocculation Control
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>16000 networks possible
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“While we may not fully understand the terminology and the processes 

involved, we do know that Collins has used the technology to brew beer. 

Really good beer.” 

“We love the idea of this RoboBeer, but they‟d better not start toying 

around with PBR.”                                                                                            

Sunrise Post, 26-4-09
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Advantages

1. Fast

2. Predictive / Rational

3. Desired output levels

4. Fine-tuning of response

5. Parallel characterisation

6. Exponential

7. Provides parts for community

If every iGEM team made 1 new biobrick by this method…

>2000 new parts?
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Beyond Yeast Regulatory Promoters…

Bacterial, mammalian regulatory promoters

Libraries of other parts:

… RBS, Terminators, RNA UTRs, Codon usage, Peptide tags, Modular Proteins
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Working on now…

Mammalian promoter library

Single site integration

Flow cytometric sorting

Peptide tags in mammalian systems

Nuclear Localization Sequence

Splicing regulation



Tom Ellis Sept 09

Where could this lead?

Scaled-up libraries

Degenerate DNA synthesis

High-throughput screening

Implementable in a BioFAB
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Synthesis of new parts

Hybrid / de novo part design

Modular motifs

Stepwise changes

Start from chassis part

Smolke

lab Fussenegger lab



Tom Ellis         Techniques, Construction and Implementation

of Gene Networks

now at University of Cambridge, Dept of Biotechnology and Chemical Eng.

Mammalian cell synthetic biology

Engineer dry-life tolerance into cells

genetic, metabolic and protein engineering

And other ideas…
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synthetic biology

Collins Lab
Boston University

Xiao Wang – Matlab
Henry Lee – Ideas

Peter R Jensen, Biocentrum DTU

Kevin Verstrepen, KU Leuven

systems biology

noise
modeling

vibrating 
insoles

antibiotics

aging bioenergy mammalian disease

Tom Ellis 2009

beer


