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Synthetic Biology

to Program Cells to 
Become

Factories to Make…

Devices, Sensors, 
Pharmaceuticals, Renewable 
Chemicals & Fuels and Food

Using 
Synthetic 
Genes…

Tape Programming of the Mark I Computer Ribosome

Like this only 106 times smaller



MB Elowitz MB and S Leibler (2000) A synthetic oscillatory 
network of transcriptional regulators.Nature.403 :335 - 338.

http://echinacea.harvard.edu/research/image-gallery/

Cells as Computers and Logic
Ring Oscillators from Transcriptional-Translational Logic



Metabolic Circuit
2

34

to 
Program 
Cells to 
Become  
Cellular 

Factories, 
Sensors 

…

to Make High Value Products
(Biofuels,  Chemicals, 

Pharmaceuticals)

1



https://bmcresnotes.biomedcentral.com/articles/10.1186/1756-0500-5-85/

How Many Base Pairs Do We Need To Synthesize?

• Average Bacterial Protein: 960bp 
• Average Human Protein: 1036 bp
• Longest Human Proteins (PKS):  >100kbp
• Metabolic Pathway:  ~3-10kbp



Phosphoramidite DNA Synthesis Cycle

http://www.nature.com/nmeth/journal/v11/n5/images/nmeth.2918-F2.jpg

Acid Based Deprotection

Light Based Deprotection

 5 Minute Cycles
Machine ~ .5 Mbp / yr



DNA Synthesis
Chemical Synthesis 

(Open Loop Protection Group)
Biological Synthesis 

(Error Correcting Polymerase)

Error Rate:  1:102

Throughput:  300 S per Base Addition
http://www.med.upenn.edu/naf/services/catalog99.pdf

Throughput Error Rate Product Differential: ~108

template dependant 5'-3' 
primer extension

5'-3' error-correcting 
exonuclease

3'-5' proofreading 
exonuclease

Error Rate:  
1:106

Throughput:  
10 mS per 
Base Addition
Beese et al. (1993), Science, 
260, 352-355. 
http://www.biochem.ucl.ac.uk/bs
m/xtal/teach/repl/klenow.html

http://cba.mit.edu/media/logos/


Next Generation Sequencing by Synthesis

https://raw.githubusercontent.com/lmmx/sh
ots/master/2015/May/Illinois-BioE416-Illumi
na-polonies.jpg
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Up to ~ 1M Oligos/Chip

Next Generation (Chip Based) DNA Synthesis



Next Generation (Chip Based) DNA Synthesis

Chow, Brian Y., Christopher J. Emig, and Joseph M. Jacobson. "Photoelectrochemical synthesis of DNA 
microarrays." Proceedings of the National Academy of Sciences 106.36 (2009): 15219-15224.

http://www.technologyreview.com/biomedicine/20035/

http://learn.genetics.utah.edu/content/labs/microarray/analysis

Accurate multiplex gene synthesis from programmable DNA microchips
Jingdong Tian, Hui Gong, Nijing Sheng, Xiaochuan Zhou, Erdogan Gulari, Xiaolian Gao and George Church
Nature 432, 1050-1054(23 December 2004)
doi:10.1038/nature03151

~1000x Lower Oligonucleotide Cost



Up to 1M Oligos/Chip
50 Mbp  for ~ $1K (instead of ~$1M)

~1000x Lower Oligonucleotide Cost
Chip Based Oligo Nucleotide Synthesis

F. Cerrina et. al Nature Biotech 1999 p. 974



MutS Repair System Lamers et al. Nature 407:711 (2000)

Error Correction



Error Correcting Gene Synthesis

Error Rate 1:104
Nucleic Acids Research 2004 
32(20):e162



Error Reduction: GFP Gene synthesis





http://www.pnas.org/content/100/26/15440/F1.large.jpg

Generating a synthetic genome by whole genome assembly: φX174 bacteriophage from 
synthetic oligonucleotides

AGCTAGCTAGTTTTTTTTTT GGGGGGGGGGAAGGCC
TTAA

AAAAAAAAAACCCCCCCCCC
2003



https://www.neb.com/~/media/Catalog/All-Products/0AA961B294E444AFBEDD5C4A904C76E6/Long%20
Description/E2611a.jpg

Gibson Assembly (2009)

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith 
HO (2009). "Enzymatic assembly of DNA molecules up to several 
hundred kilobases". Nature Methods. 6 (5): 
343–345. doi:10.1038/nmeth.1318. PMID 19363495.

https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1038%2Fnmeth.1318
https://en.wikipedia.org/wiki/PubMed_Identifier
https://www.ncbi.nlm.nih.gov/pubmed/19363495


Multiplex Synthesis (2010)

Kosuri, Sriram, et al. "Scalable gene synthesis 
by selective amplification of DNA pools from 
high-fidelity microchips." Nature 
biotechnology 28.12 (2010): 1295-1299.





Parallel gene synthesis in a microfluidic device
D.S. Kong, P.A. Carr, L. Chen, S. Zhang, J.M. 
Jacobson Nucleic Acid Research , 2007, Vol. 35, 
No. 8 e61

Accurate multiplex gene synthesis from programmable 
DNA microchips
Jingdong Tian, Hui Gong, Nijing Sheng, Xiaochuan Zhou, 
Erdogan Gulari, Xiaolian Gao and George Church
Nature 432, 1050-1054(23 December 2004)
doi:10.1038/nature03151

1 2

Chip Based Gene Synthesis



http://www.synthesis.cc/assets_c/2014/02/Carlson_Price_Seq_Synth_Feb2014.html
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(a) Scheme for two-step oligonucleotide extension using TdT–dNTP conjugates consisting of a TdT molecule site-specifically labeled with 
a dNTP via a cleavable linker. In the extension step, a DNA primer is exposed to an excess of TdT–dNTP conjugate. Upon incorporation of 
the tethered nucleotide into the 3′ end of the primer, the conjugate becomes covalently attached and prevents further extensions by other 
TdT–dNTP molecules. In the deprotection step, the remaining TdT–dNTP conjugates are inactivated (or removed) and the linkage between 
the incorporated nucleotide and TdT is cleaved by addition of the cleavage reagent (e.g., DTT, 365 nm light, peptidase), thereby releasing 
the primer for subsequent extension. The cycle can be iterated to extend a primer by a defined sequence. (b) Chemical structures of two 
types of TdT–linker-dNTP conjugates used in this study, based on the amine-to-thiol crosslinkers PEG4-SPDP (upper, “TdT–PEG4-dTTP”) 
and BP-23354 (lower, “TdT–dTTP”) and the dTTP analogs 5-aminoallyl dUTP (aa-dUTP) and 5-propargylamino dUTP (pa-dUTP), 
respectively. Upon cleavage of the linker, the atoms indicated in red remain attached to the nucleobase and are referred to as a scar. The 
cleavable bond is indicated with a black dotted line.

97.7% yield
20 S reaction time

Enzymatic Synthesis



Terminal Deoxynucleotidyl 
Transferase(TdT)
Synthesizing DNA 
Enzymatically









Applications



Cells as Chemical Factories
               1,3 Propanediol

http://3rdpartylogistics.blogspot.com/2011/10/genetic-bacteria-genetic-modification.html

http://www.latonkorea.com/Plant.htmlhttp://3rdpartylogistics.blogspot.com/2011/10/genetic-bacteria-genetic-modification.html

http://www.latonkorea.com/Plant.html



Cells as Chemical Factories

http://3rdpartylogistics.blogspot.com/2011/10/genetic-bacteria-genetic-modification.html

http://www.latonkorea.com/Plant.html
http://www.latonkorea.com/Plant.html

~6 Gb Synthesis For top 1000 small molecules drug intermediates

Paddon, Christopher J., et al. "High-level semi-synthetic production of 
the potent antimalarial artemisinin." Nature 496.7446 (2013): 528-532.

Artemisinic Acid (Antimalarial)

http://neweuropeans.org/eurowine-3-yeast-europe-and-economics/



Paclitaxel (Taxol) 

Therapeutics from Natural Product Pathways

Pacific Yew

~2/3 of Small Molecule Pharmaceuticals are Natural Products

1000’s of Annotated PKS’s

~5 Gb Synthesis for Known PKS Pathway Modules



The Genetic Code
Life’s Operating System

Recoding



Conferring New 
Function

Phage 
Resistance



Building:

• Therapeutics
• Nanostructures
• Nanomachines
• Data Storage

With Nucleotides





RNA Cleavage Rules

Altuvia Y, Bar A, Reiss N, Karavani E, Argaman L, Margalit H. In vivo cleavage 
rules and target repertoire of RNase III in Escherichia coli. Nucleic acids 
research. 2018 Nov 2;46(19):10380-94.



TCACAAATTAATTTTAATTCCTATT TATATAAAGACTAATTTATAAGATT ATCTAATATCTTAGTGATAAAATTT

GC = 10%
Minimum Free Energy Secondary Structures : 250 C 

A/T ~ -1.2kcal/mol
G/C ~ -2.0 kcal/mol



CCCCCCCCCCCCCCCCCCCCCCCCGGGGGGGGGGGGGGGGGGGGGGGG

CCCCCCCCCCCCCCCCCCCCCCCC

GGGGGGGGGGGGGGGGGGGGGGGG

Base Pairing Energies

G/C ~ -2.0 kcal/mol



GC = 50%

AGATATACTCGGTATACGAGTCCCG TAACCCTCCGATCACTATTTGAATTGGAGGTTAATCCACCATGTCTCCGT

Minimum Free Energy Secondary Structures : 250 C 



GC = 50%

TCTAAGGGAATTCAGAGAACACTAG

Minimum Free Energy Secondary Structures : 250 C 



GC = 90%
Minimum Free Energy Secondary Structures : 250 C 

CCCGCACGCGCGCCCGCCCCCCGGC CCCGGCCCCGTAGCGCACCCGCCGG CGGGGGCGGCGAACGGGACGCCGGC



Putting The Pieces Together
Minimum Free Energy Secondary Structures : 250 C 

AGCTAGCTAGTTTTTTTTTT GGGGGGGGGGAAGGCC
TTAA

AAAAAAAAAACCCCCCCCCC

1 2

3

strand 1- strand2 – strand 3

strand 1- strand1



Molecular Beacon



ssrna/dna-sensors via 
embedded 
strand-displacement 
programs in 
crispr/cas9 guides 
Jakimo, N., Chatterjee, P. and 
Jacobson, J.M., 2018.. bioRxiv, 
p.264424.



Nano Letters, 1 (1), 22 -26, 2001. 10.1021/nl000182v S1530-6984(00)00182-X

Holliday Junctions



http://seemanlab4.chem.nyu.edu/HJ.arrays.html

Holliday Junctions



Science 15 April 2011: 
Vol. 332 no. 6027 pp. 
342-346 
DOI: 10.1126/science.120299
8 

3D DNA Origami



https://www.researchgate.net/figure/Summary-of-DNA-tile-and-DNA-origami-a-M
ultistranded-DNA-tile-Each-tile-is-composed-of_fig1_321675577



https://www.nature.com/articles/nmeth.1570



Algorithmic Self-Assembly
of DNA Sierpinski Triangles
Paul W. K. Rothemund1,2, Nick Papadakis2, 
Erik Winfree1,2*
PLoS Biology | www.plosbiology.org 2041 
December 2004 | Volume 2 | Issue 12 | e424

       Algorithmic Assembly





https://www.pnas.org/content/112/3/713

DNA NANO- MACHINES

Programmable motion of DNA origami 
mechanisms

1.Alexander E. Marras, Lifeng Zhou, Hai-Jun 
Su, and Carlos E. CastroDepartment of 
Mechanical and Aerospace Engineering, The 
Ohio State University, Columbus, OH 43210



Information Rich Replication
 (Non-Protein Biochemical Systems)

J. Szostak, Nature,409, 
Jan. 2001



Minimum ribozyme length 165 nt
14 nt extension
Error rate: 1%
Extension rate : 1nt per 153 minutes

Ligase Core Ribozyme

Primer

Template

Random Sequence

UPPERCASE (AGTC)
= Conserved Residues
 from Round to Round



95 nt base template dependent
Extension
24 nt minizyme



FPGA (Field Programmable Gate Array)

Can we make an FPGA for 
Biology?……



bioFPGA (Field Programmable Gene Array)
(a) Programming
gBlockTM  
Plasmid 1

gene
1

2
gene

2

3
gene

3

1500
gene

1500

1500 Field 
Programmable 

Genes
Loaded into

 FPC Cell Strain

gRNA
6

gRN
A17

gR
N

A 12
32

gRNA42gR
NA

38
4

gRNA
6

gRNA
17

gRNA
42

gRNA
384

gRNA
1232

gRNA
6

gRNA
17

gRNA
42 gRNA

384
gRNA

1232

gRNA
384

384
gene

384

Cas 9

RNA pol 
Promoter

384
gene

384
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(b)

(c)

(d) J. Jacobson
11.29.2016



BACKUP



DNA Data Storage

980,000 Sq. ft

=
~ 10 Petabits

Flash: 64GB = $10
DNA Chip:  12 MB
~ $20
104x COST

$12,400 / MB



Fabricational Complexity
Application: Why Are There 20 Amino Acids in Biology?
(What is the right balance between Codon code redundancy and diversity?)

Question: Given N monomeric building blocks 
of Q different types, what is the optimal number 
of different types of building blocks Q which 
maximizes the complexity of the ensemble of all 
possible constructs? 

The complexion for the total number of different ways 
to arrange N blocks of Q different types (where each type 
has the same number) is given by:

And the complexity is:

N Blocks of Q Types

For a given polymer length N 
we can ask which Q* 
achieves the half max for 
complexity such that: 

. 

http://cba.mit.edu/media/logos/

