
E coli Automatic DirectedE. coli Automatic Directed 
Evolution Machine (E.ADEM):Evolution Machine (E.ADEM):

A Universal Framework

姜浩姜浩

2009.4.18
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Directed EvolutionDirected Evolution
T t• Target
– Enzymes

A t– Aptamers
– Ribozymes

Synthetic genetic– Synthetic genetic 
circuit components

• DiversificationDiversification
– Error-prone PCR 
– DNA shufflingDNA shuffling

• Screening or selection
– In vitroIn vitro
– In vivo 



ProblemsProblems

• Labor-intensive
• Cost-intensiveCost intensive
• Limited library size
• Noncontinuous
• Conditions optimization needed• Conditions optimization needed
• …

• Solve: automatic & in vivo• Solve: automatic & in vivo
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Evolution ObjectEvolution Object
P t D i• Parts
– Protein

• Regulator

• Devices
– Sensor
– Logic deviceRegulator

• Receptor
• Binding Partner
• Enzyme

– Logic device
– Signaling
– Protein generator• Enzyme

– RNA
• Regulator

g
– Reporter

• Systems
• Apatmer
• Ribozyme
• RBS

– Genome
– Metabolic pathway

Signal transduction pathway– DNA
• Promoter
• Origami

– Signal transduction pathway
– Logic circuit
– Complex system simulation• Origami Complex system simulation
– Mathematic problem



Scoring FunctionScoring Function

• Genotype 
Phenotype yp
Signal Transduction 
Transcription Rate (PoPS)Transcription Rate (PoPS) 
Universal Interface

O• Functional Object
• Response ObjectResponse Object

– e.g. Sensor, Logic Device
S i d L i– Supervised Learning



Transcription RepressorTranscription Repressor
X' = pCon - dX X

Evolution Object

X   pCon dX X

!Score = pX KdX / (X + KdX)
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But it is not so simpleBut it is not so simple… 

Evolution Object Scoring Function

pA
x !Score

pX
a

X' = !Score - dX X

A' = pX KdX / (X + KdX) –dA AA   pX KdX / (X  KdX) dA A

!Score = pA A / (A + KdA)



2 da kda pa Hdx kdx + paL
nScore → pa −

2 da kda pa Hdx kdx + paL
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,
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• Promoter
– Similar to Transcription Repressor

Receptor• Receptor
– Signal Transduction

• Enzyme
Product or Substrate– Product or Substrate

– Signal Transduction
• Binding Partner

– Yeast Two-Hybrid, Phage Display, ProteinYeast Two Hybrid, Phage Display, Protein 
Fragment Complementation 

– New Approaches– New Approaches



iGEM 2008 Warsaw



Cis-acting Logic Promoters
NAND Gate

Fusion ProteinFusion Protein
Interaction

iGEM 2007 USTC





Supervised LearningSupervised Learning

Scoring Function

EvolutionInput OutputEvolution
Object

p p

Supervision (Reference Output)
Comparator !Score

Supervision (Reference Output)



Variation FunctionVariation Function

T t d M t i• Targeted Mutagenesis
– Activation induced cytidine deaminase (AID)
– Error-prone DNA polymerase I
– Bacteriophage ?p g
– Error-prone reverse transcription ?

• Recombination• Recombination
– Site-specific recombination

H l bi ti– Homologous recombination 
• Gene

Variation Function

• Network Variation ? Variation



iGEM 2008 Peking_University



iGEM 2008 Warsaw





Avoiding Non Specific MutationAvoiding Non-Specific Mutation

• An immature idea:
Variation Cell Selection CellVariation Cell Selection Cell

Conjugation ?

Evolution
Object

Scoring
Function

Automatic
Controller Reporter

Variation
Function

Controller

Quorum Selection
Sensing Function



B t i l C j ti
iGEM 2006 Berkeley

Bacterial Conjugation



oriT 1 traI 1 TraI 1

iT 2 I 2 T I 2
iGEM 2007 Peking

oriT 2 traI 2 TraI 2

......

g

Cell 4 Cell 5• Design

Signaling Plasmid Signaling Plasmid

Helper HelperHelper Helper



iGEM 2006 ParisiGEM 2006 Paris

Germline cell
cre

Differentiation control

dapAftsKlox71 gfp T T lox66

Differentiation DAP starvation >> RECOMBINATION >> Differentiation

ftsKgfp T
Somatic cell

DAP feeding

loxSc

loxScar
No replication origin

dapA

cre
T



Automatic ControllerAutomatic Controller

N b d ll d t d l ti• Nobody can really understand evolution.
– The evolution of evolution itself

• Problems
– Variation rateVariation rate

• Slow vs. Misconvergence
– Selection pressureSelection pressure

• Nondirectional vs. Die out

• Theories• Theories
– Evolutionary Biology & Population Genetics

E l ti Al ith– Evolutionary Algorithm



Fitness LandscapeFitness Landscape
"Evolution is sometimesEvolution is sometimes 
characterized by biologists as a 
metaphorical uphill struggle
across a “fitness landscape” in 
which mountain peaks represent 
high “fitness,” or ability to survive, 
and valleys represent low fitness. 
As evolution proceeds aAs evolution proceeds, a 
population of organisms in effect 
takes an “adaptive walk” across 
such a landscape." 
(http://gemini.tntech.edu/~mwmcr
ae/esre95.html)

Poelwijk et al. 2007. Empirical fitness landscapes reveal 
accessible evolutionary paths. Nature 445, 383-386. 

http://en.wikipedia.org/wiki/Fitness_landscape



Population 0 0 0 0 0 0 0 0 0
Average Score 0 0 0 0 5 0 5 0 5 1 1 1Average Score 0 0 0 0.5 0.5 0.5 1 1 1

Score 0 0.5 1 0 0.5 1 0 0.5 1
Death 0 0 0 0 0 0 0 0 0Death 0 0 0 0 0 0 0 0 0

Population 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Average Score 0 0 0 0.5 0.5 0.5 1 1 1

Score 0 0.5 1 0 0.5 1 0 0.5 1
Death 0.5 0.25 0 0.75 0.5 0.25 1 0.75 0.5

Population 1 1 1 1 1 1 1 1 1Population 1 1 1 1 1 1 1 1 1
Average Score 0 0 0 0.5 0.5 0.5 1 1 1

Score 0 0 5 1 0 0 5 1 0 0 5 1Score 0 0.5 1 0 0.5 1 0 0.5 1
Death 1 0.5 0 1.5 1 0.5 2 1.5 1

Death = Population + Population ×Death = Population + Population ×
(AverageScore - Score)
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2.6898 population∗H2 ascoreêH2 ascore + 1L + 0.2233L H1êH1 + 2 scoreLL
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Automatic ControllerAutomatic Controller

• Death = Population + Population (AverageScore 
- Score)
≈ Population × (AverageScore + C) × !Score 

• Variation = !Score
• Score = ! !Score
• Reporter = Score

Automatic
C t ll• Reporter = Score

• Z = Score
Controller



Variation!Score

Automatic Controller

V i i

Variation!Score

Variation y

pY
Reporter

Score (Z)

z
pY

Score

Score (Z)

Reporter Score

D hPop ×(Av Score

Reporter

Death

P ×(A S

Pop.×(Av.Score
+Ref.)

DeathPop.×(Av.Score
+Ref)×!Score



Quorum SensingQuorum Sensing

• Bacteria & social insects
• Decision-making by local g y

density of population



BAD

Quorum Sensing I (Population) Cell
Reference

luxI
pCon

pBAD

3OC6HSL

Population

p
luxR

pLux-Z

6
(AHL)

Score (Z) pLux Z    
Pop.×(Av.Score
+pCon)×!Score

Score (Z)

S

Quorum Sensing II (Average Score)

Score luxI



Quorum Sensing Cell
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Selection FunctionSelection Function
S l ti F ti

Death ccdB

Selection Function

DeathDeath ccdB Death

OR
Selection Function

OR

Death asRNA Death

pCon
RBS kanR



ReporterReporter

• Real-time evolution dynamics by FACS
– Monitoring Reporterg
– Further screening

Reporter

Reporter

gfp Reportergfp

iGEM 2008 
Tokyo_Tech
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Evolution Object Scoring Function Automatic Controller
Variation Function

pCon
x y

pX

Automatic Controller Reporter Quorum Sensing

gfp luxI
pY

z

C L Z

Quorum Sensing Selection FunctionAutomatic Controller

pCon
luxR

pLux-Z    
ccdB

pBAD

Quorum Sensing

luxI
pBAD



• 6 promoters and 6 terminators• 6 promoters and 6 terminators
• 8 RBSs and 8 coding sequences

• (2 luxI + luxR + ccdB + gfp + x + y + z)

• Interestingly, most of the coding g y, g
sequences are used in iGEM 2008 USTC 
teamteam.
– Only coding sequences in Evolution Object, 

S i F ti d S l ti F tiScoring Function, and Selection Function are 
new.



Future PlanFuture Plan

• Automatic Controller & Quorum Sensing
– ModelingModeling
– Quantitative Analysis
– BioBrick Parts

• Selection Function• Selection Function
• Variation Function
• Scoring Function



GroupingGrouping

S i• Scoring
– Evolution Object + Scoring Function + 

Automatic Controller + Reporter
• Populationp

– Quorum Sensing + Selection Function
• Variation• Variation

– Variation Function + Conjugation ?
Li ht S ?• Light Sensor ?

• Wiki ?



150 years ago, Darwin told150 years ago, Darwin told 
us where we came from using 
evolution.

T d l t’ fi d t hToday, let’s find out where 
we can go using evolution!we can go using evolution!



Thank You!Thank You!


