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What is Synthetic Biology?

Implementation of engineering principles 
and mathematical modeling to the design 
and construction of biological parts, 
devices, and systems with applications in 
energy, medicine, and technology.

www.bio.davidson.edu/projects/gcat/Synthetic/What_Is_SynBio.html
Monday, November 18, 2013
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Synthetic Biology: Win-Win
Win #1: your design functions as expected.
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Win #2: your design fails but you uncover basic biology 

Win #1: your design functions as expected.

Synthetic Biology: Win-Win

Monday, November 18, 2013



Synthetic Biology

MathematicsSynthetic 
Biology

Biology

Computer
 Science

Engineering
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Four Characteristics:
• Standardization
• Modularity
• Abstraction
• Modeling of Designs

Genetic engineering on a new scale.

Synthetic Biology
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http://openwetware.org/images/b/bd/BBFRFC9.pdf

Standardization
On a Uniform System of Screw Thread

William Sellers April 21, 1864

 “In this country, no organized attempt has as of yet been 
made to establish any system, each manufacturer having 
adopted whatever his judgment may have dictated as 
best, or as most convenient for himself.” 

Monday, November 18, 2013

http://openwetware.org/images/b/bd/BBFRFC9.pdf
http://openwetware.org/images/b/bd/BBFRFC9.pdf


Standardization

On a Uniform System of Screw Thread
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Modularity

USB ports on computers
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Modularity
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Abstraction
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Abstraction
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Modeling of Designs
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Synthetic Biology
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partsregistry.org

Synthetic Biology
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Anderson et al. Mol Sys Bio. 2007.

Synthetic Biology
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UC Berkeley iGEM, 2007

Synthetic Biology
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Real World Applications
of

Synthetic Biology
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Land Mine Detection
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Land Mine Detection
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Synthetic Biology
Land Mine Detection
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Synthetic Biology
Land Mine Detection
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Production of Medicines

$1 per pill
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Production of Medicines

10¢ per pill
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Biofuels from Algae

CO -neutral2

1,000,000 gallons in 2008
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Intro Bio Students Conduct
Promoter Research 

Using
Synthetic Biology
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BioBricks
BioBrick Part

BioBrick plasmid backbone

BioBrick plasmid backbone + 1 part

BBa_B0015

origin antibiotic resistance

XE PS

(http://partsregistry.org/Plasmids)
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Eco RI

BioBrick plasmid backbone + 1 part

BBa_B0015

origin antibiotic resistance

XE PS

(http://partsregistry.org/Plasmids)

Spe I

Pst I

Xba I

BioBricks
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Eco RI

BioBrick plasmid backbone + 1 part

BBa_B0015

origin antibiotic resistance

XE PS

(http://partsregistry.org/Plasmids)

Spe I

Pst I

Xba I identical
sticky ends

BioBricks
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PSPart A

origin antibiotic resistance origin antibiotic resistance

EXE Part BX PS

put B downstream of A

BioBricks

Monday, November 18, 2013



PSPart A

origin antibiotic resistance origin antibiotic resistance

EXE Part BX PS

cut with Spe and Pst cut with Xba and Pst

BioBricks
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PSPart A

origin antibiotic resistance

XE Part BX PS

gel purifyEtOH precipitate

BioBricks
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PSPart A

origin antibiotic resistance

XE Part BX PS

ligate

BioBricks
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SPart A

origin antibiotic resistance

XE Part BX S PM

mixed site = scar

transform

BioBricks
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SPart A

origin antibiotic resistance

XE Part BX S PM

PSPart A

origin antibiotic resistance origin antibiotic resistance

EXE Part BX PS

BioBricks
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PSPart A

origin antibiotic resistance origin antibiotic resistance

EXE

Challenge: 

Part BX PS

put A upstream of B
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current status as of
November, 2013

Golden Gate Assembly Method

Todd Eckdahl and A. Malcolm Campbell
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SPart A

origin antibiotic resistance

XE Part BX S PM

PSPart A

origin antibiotic resistance origin antibiotic resistance

EXE Part BX PS

BioBricks
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Gel Purification

origin antibiotic resistance

E X PSPart B
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Gel Purification

origin antibiotic resistance

E

X PSPart B
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Gel Purification

X PSPart B
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Gel Purification X PSPart B
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Part A

origin antibiotic resistance

XE S P

Gel Purification X PSPart B

PSS

Monday, November 18, 2013



Part A

origin antibiotic resistance

XE S P

Gel Purification X PSPart B

PSS
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Part A

origin antibiotic resistance

XE S P

Gel Purification X PSPart B
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Part A

origin antibiotic resistance

XE S P

Gel Purification

X PSPart B
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Ligation

Part A

origin antibiotic resistance

XE S P

X PSPart B
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Ligation

Part A

origin antibiotic resistance

XE S P

X PSPart B
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Ligation

SPart A

origin antibiotic resistance

XE Part BX S PM
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How can we clone DNA 
without all the hassle?

Monday, November 18, 2013



Golden Gate Assembly Method

TT + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFPTT

pClone Basic
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promoter + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFP

TT

Golden Gate Assembly Method

pClone Basic
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G     
CTTAA 
 AATTC
     G

Eco RI

type II

palindrome
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G     
CTTAA 
 AATTC
     G

Eco RI

type II

palindrome
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G     
CTTAA 
 AATTC
     G

Eco RI

type II
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G     
CTTAA 

 AATTC
     G

Eco RI

type II
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Bsa I

GAGACC     
CTCTGG

type IIs

not a 
palindrome
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Bsa I

1234nGAGACC     
    nCTCTGG
                
----       

type IIs
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----       

Bsa I

1234nGAGACC     
    nCTCTGG

type IIs
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       ----
           

Bsa I

GGTCTCn
CCAGAGn1234

type IIs
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       ----
           

Bsa I

GGTCTCn
CCAGAGn1234

type IIs

Monday, November 18, 2013



Bsa I

1234nGAGACC     
----nCTCTGG

GGTCTCn----
CCAGAGn1234

cuts 
left

cuts 
right
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pClone Basic
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CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCC

Bsa I

Bsa I
GCTG

GCGG

ligase ligase

pClone Basic
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CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCC

GCTG
GCGG

ligase ligase

Bsa I

Bsa I
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CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCCGCTG

GCGG

ligase ligase

Bsa I

Bsa I

pClone Basic
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CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCC

GCTG
GCGG

CGAC(promoter)   
    (promoter)CGCC

ligase ligase

Bsa I Bsa I
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GCTG
GCGGCGAC(promoter)   

    (promoter)CGCC

CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCC

ligase ligase

Bsa I

Bsa I
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TT + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFPTT

BsaI + Ligase

pClone Basic
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promoter + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFP

TT

BsaI + Ligase

pClone Basic
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TT

pClone Basic
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pClone Basic
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+ control
- control
new 1
new 2

+ control
- control
new A
new B

Student Sample, September 2012
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Student Sample, September 2012
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Student Sample, September 2012
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Student Sample, September 2012
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Registry of Functional Promoters (RFP)

gcat.davidson.edu/RFP/
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Registry of Functional Promoters (RFP)

gcat.davidson.edu/RFP/
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Registry of Functional Promoters (RFP)

gcat.davidson.edu/RFP/
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Without basic research, there can be no 
applications.... 

After all, electricity and the lightbulb were 
not invented by incremental improvements 
to the candle.

former French President Nicholas Sarkozy

Research for Intro Courses!
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Testing Known Promoters: Ptac
             -35                   -10
5’ CGACGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGA     3’
3‘     CTCGACAACTGTTAATTAGTAGCCGAGCATATTACACACCTCGCC 5’
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             -35   ATAA (deleted)  -10
5’ CGACGAGCTGTTGACA----ATCATCGGCTCGTATAATGTGTGGA     3’
3‘     CTCGACAACTGT----TAGTAGCCGAGCATATTACACACCTCGCC 5’

Student Sample, November 2012
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             -35                   -10
5’ CGACGAGCTGTTtACAATTAATCATCGGCTCGTATAATGTGTGGA     3’
3‘     CTCGACAAaTGTTAATTAGTAGCCGAGCATATTACACACCTCGCC 5’
               G
               C

Student Sample, November 2012
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Synthetic Biology
Plasmids to Facilitate 

Research with Your Students
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pClone Green
J119137

Bsa I Bsa I

RBS RBSGFP RFP
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Remove Initial Promoter

RBS RBSGFP RFP

J119137

X
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Insert Non-functional Promoter

RBS RBSGFP RFP

J119137
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Insert Forward Promoter
J119137

RBS RBSGFP RFP
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Insert Bi-directional Promoter
J119137

RBS RBSGFP RFP
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pClone Blue
J119313

Bsa I Bsa I

RBSGFP RBS chromo blue
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pClone Blue
J119313
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Design Cloning Steps
Explain Each Color

J119139

Bsa I Bsa I

RBSGFP RBS RFPRBSampi CP
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Our Prioritized Goals
1. Everyone learns
2. Have fun
3. Contribute to field of biology
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Our 2008 iGEM Team
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Our 2008 iGEM Project

Use E. coli to compute 
values of a cryptographic 
hash function
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HGTf34$2 iGEM IS  
COOL! 

What is a hash function?
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HGTf34$2 

Can Bacteria Perform a Hash Function?
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0" 0" 0"
0" 1" 1"
1" 0" 1"
1" 1" 0"

Input"1" Input"2" Output"

Use XOR Logic Gate for Hash Function
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0" 0" 0"
0" 1" 1"
1" 0" 1"
1" 1" 0"

Input"1" Input"2" Output"

Use XOR Logic Gate for Hash Function
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0" 0" 0"
0" 1" 1"
1" 0" 1"
1" 1" 0"

Input"1" Input"2" Output"

Use XOR Logic Gate for Hash Function
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inp
ut

s!

key!

hash!
value!

Design Linear Bacterial Hash Function
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β!
lac

ta
ma

se
!

β!lact
amase!

AmpR!

Time-Delayed Bacterial Growth
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Time-Delayed Bacterial Growth
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DNA-based XOR Logic Gate
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DNA-based XOR Logic Gate
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DNA-based XOR Logic Gate
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DNA-based XOR Logic Gate
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DNA-based XOR Logic Gate

Monday, November 18, 2013



DNA-based XOR Logic Gate
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DNA-based XOR Logic Gate
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DNA-based XOR Logic Gate
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Re
la

tiv
e 

Fl
uo

re
sc

en
ce

!

LB! -! -! +! +!
3OC6! -! +! -! +!

XOR +LuxR!
GFP!
RFP!

0 RFP GFP 0

Testing Bacterial XOR Logic Gate
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Testing Bacterial XOR Logic Gate
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LB! -! -! +! +!
3OC6! -! +! -! +!

XOR +LuxR!
GFP!
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0 RFP GFP 0

Testing Bacterial XOR Logic Gate
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Re
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e 
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!

LB! -! -! +! +!
3OC6! -! +! -! +!

XOR +LuxR!
GFP!
RFP!

0 RFP GFP 0

Testing Bacterial XOR Logic Gate
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LuxR! -! -! +! +!
3OC6! -! +! -! +!

Re
la

tiv
e 

Fl
uo

re
sc

en
ce

!

pLux + LuxR Promotes Backwards

0 0 0 0
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LuxR! -! -! +! +!
3OC6! -! +! -! +!

Re
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tiv
e 
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pLux + LuxR Promotes Backwards

0 0 0 0
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LuxR! -! -! +! +!
3OC6! -! +! -! +!
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pLux + LuxR Promotes Backwards

0 0 0 0
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LuxR! -! -! +! +!
3OC6! -! +! -! +!

Re
la

tiv
e 

Fl
uo

re
sc

en
ce

!

pLux + LuxR Promotes Backwards

0 0 0 0

LuxR
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LuxR! -! -! +! +!
3OC6! -! +! -! +!

Re
la

tiv
e 

Fl
uo

re
sc

en
ce

!

pLux + LuxR Promotes Backwards

0 0 0 0

LuxR + 3OC6
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Paper Published in 2011

17 undergraduate co-authors
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Programmed Evolution of E.coli for 
Optimization of Metabolic Pathways

2012 - 2014
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Make E. coli Optimize Drug Production
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Make E. coli Optimize Drug Production
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Make E. coli Optimize Drug Production

E. coli cytoplasm

Monday, November 18, 2013



Make E. coli Optimize Drug Production

E. coli cytoplasm
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Make E. coli Optimize Drug Production

caffeine

N N

N N

CH3

CH3
CH3

O

O

Monday, November 18, 2013



Make E. coli Optimize Drug Production

caffeine

N N

N N

CH3

CH3
CH3

O

O

CDM
enzyme
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Make E. coli Optimize Drug Production

theophylline

N N

N N

CH3

CH3

O

O
caffeine

N N

N N

CH3

CH3
CH3

O

O

CDM

asthma medication
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What Makes Optimization Difficult?
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What Makes Optimization Difficult?
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What Makes Optimization Difficult?
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$$

What Makes Optimization Difficult?
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Natural Selection
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Synthetic Selection

$$
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Synthetic Fitness
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Synthetic Fitness
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Engineering Programmed Evolution
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Make E. coli Produce Optimal Theophylline

theophylline

N N

N N

CH3

CH3

O

O
caffeine

N N

N N

CH3

CH3
CH3

O

O

CDM
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Programmed Evolution
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Math Modeling of Programmed Evolution

metabolic flux = f(promoter, RBSs, alleles, # plasmids)

metabolic flux = f(promoter, RBS, alleles, degradation tags)

humans

bacteria

searching multi-dimensional space
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Agent-Based Models of Programmed Evolution

metabolic flux = f(promoter, RBS, alleles, degradation tags)

NetLogo
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Fitness Module
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How to Build a Fitness Module?

theophylline

N N

N N

CH3

CH3
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O
caffeine

N N

N N

CH3

CH3
CH3

O

O

CDM
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caffeine

N N

N N

CH3

CH3
CH3
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O

CDM

How to Build a Fitness Module?
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riboswitch on mRNA
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Biosensor Module
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BioSensor Detects Theophylline
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BioSensor Detects Theophylline
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Programmed Evolution
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First Fitness Module Results

+ control - controlcaffeine
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13 Year Collaboration
Three Countries

www.bio.davidson.edu/GCAT
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GCAT
Faculty Development

NSF funded
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GCAT
Faculty Development

12 workshops, 500 faculty
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GCAT
Faculty Development

500 faculty 
X 100 students each
50,000 students/year
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Faculty Appreciate GCAT Resources 
	
 	
 	
 	
 	
 	
 	
                                                              Mean 	
 SD  
Use microarray technology without GCAT	
	
             1.5 	
     0.75
Online GCAT protocols useful	
	
 	
 	
                       4.4 	
     0.69
The GCAT -Listserv helpful 	
	
 	
 	
                              4.2 	
     1.0
GCAT network significant factor	
 	
 	
 	
                     4.2 	
     0.79
Positive experience using GCAT 	
	
 	
 	
                  4.6 	
     0.60
I would use GCAT again in the future 	
	
 	
                 4.7 	
     0.63

1 = strongly disagree 
5 = strongly agree

Monday, November 18, 2013



GCAT

Published 
basic research

Teaching 
awards

Research
grants funded

Published 
pedagogy
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GCAT SynBio
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GCAT SynBio Faculty Workshops
15 pairs of faculty

1 Bio + 1 Other
June 24 - 27, 2014
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GCAT SynBio Faculty Workshops
30 faculty X 5 years X 100 students each

45,000 undergraduates over 5 years
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The scenery only changes for the lead dog. 
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The scenery only changes for the lead dog. 
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What will you do for 
your Majors? 
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Faculty: Laurie Heyer, Jeff Poet, Todd Eckdahl, Karmella Haynes, Pat Sellers, Mark Barsoum

Students: Romina Clemente, Clif Davis, A.J. Grant, Mary Gearing, Kin Lau, Olivia Ho-Shing, Shamita Punjabi, 
Eric Sawyer, Ashley Schooner, Siya Sun, Shashank Suresh, Bryce Szczepanik, Leland Taylor, Annie Temmink, 
Alyndria Thompson, Will Vernon, Oyinade Adefuye, Will DeLoache, Jim Dickson, Andrew Martens, Amber 
Shoecraft, Mike Waters, Jordan Baumgardner, Tom Crowley, Lane Heard, Nick Morton, Michelle Ritter, Karen 
Acker, Bruce Henschen, Jessica Treece, Matt Unzicker, Amanda Valencia, Lance Harden, Sabriya Rosemond, 
Samantha Simpson, Erin Zwack, Marian Broderick, Adam Brown, Trevor Butner, Lane Heard, Eric Jessen, 
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