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Synthetic Biology
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Cells as Computers and Logic
Ring Oscillators from Transcriptional-Translational Logic
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Metabolic Circuit

aaaaaaa

Lwabzan

ik

to Make High Value Products
(Biofuels, Chemicals, Program
Pharmaceuticals) Cells to

Become



How Many Base Pairs Do We Need To Synthesize?

d Average Protein Size b Number of Proteins - Protists & others
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Average Bacterial Protein: 960bp
Average Human Protein: 1036 bp
Longest Human Proteins (PKS): >100kbp
Metabolic Pathway: ~3-10kbp
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Phosphoramidite DNA Synthesis Cycle

Acid Based Deprotection

HO B1 (AT.C.G)
N DMTO B
Step 1: deprotection L O.
Acid-catalyzed removal of DMT allows
for subsequent base addition.
O, ,0
NCV P
I
N(iPr),

Step 2: base coupling
A DMT-protected phosphoramidite
is added to the unprotected 5" OH

0O using a tetrazole activator.
/\/O_ED= Step 3: capping (optional)
NC C|) Unreacted 5” OH are acetylated to

DMTO B, (AT.C.G)

0
Ao B.

Step 4: oxidation
Oxidation of phosphite triester to

prevent further chain extension.
This step helps prevent single-base o
deletions at the expense of yield.
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DNA Synthesis

Chemical Synthesis
(Open Loop Protection Group)

Biological Synthesis
(Error Correcting Polymerase)

Error Rate: 1:10°
Throughput: 300 S per Base Addition

http://www.med.upenn.edu/naf/services/catalog99.pdf

DNA Synthesis Cycle
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Next Generation Sequencmg by SyntheS|s

a Nlumina/Solexa — R'von ble terminators

b lllumina/Solexa "g»
Solld -phase ampli hut-on
DNA mole ’ ey

Each nucleotide has a dye with a different color i oI 1 z 1

4-color fluorescent image of chip gathered after \/
each chemical flows through

Register each image and follow color change of
each colony to determine sequence
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Next Generation (Chip Based) DNA Synthesis
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Next Generation (Chip Based) DNA Synthesis

~1000x Lower Oligonucleotide Cost
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Chow, BrianY., Christopher J. Emig, and Joseph M. Jacobson. "Photoelectrochemical synthesis of DNA
microarrays.”" Proceedings of the National Academy of Sciences 106.36 (2009): 15219-15224.
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Digital Micromirror Device {DMD)

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
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Chip Based Oligo Nucleotide Synthesis

~1000x Lower Oligonucleotide Cost

) UV Light Source
Filter
Condenser
From Computer | RTsS .
From DMNA
Synthesazer
l—‘ Projection System

DNA Chip being
written

Up to 1M Oligos/Chip
50 Mbp for ~ S1K (instead of ~S1M)

Digital Micromirror Array

F. Cerrina et. al Nature Biotech 1999 p. 974
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Error Correcting Gene Synthesis
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Error Reduction: GFP Gene synthesis
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Brief Communication = Published: 12 August 2012

Accurate gene synthesis with tag-directed retrieval of

sequence-verified DNA molecules

Jerrod J Schwartz 83, Choli Lee & Jay Shendure &3

Nature Methods 9, 913-915 (2012) | Cite this article

Figure 1: Dial-out PCR for retrieving accurate sequences from a nonuniform, error-

rich library of synthetic DNA molecules.
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Generating a synthetic genome by whole genome assembly: X174 bacteriophage from
synthetic oligonucleotides
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Purify top strand and bottom strand oligos
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Gibson Assembly (2009)

dsDNA fragments with overlapping ends.
A

A Gibson Assembly

Addfragmentsto Y 4 —
Gibson Assembly S , 5
Master M. e

/S { 5° Exonuclease chews back 5° ends.

‘ DNA fragments anneal.

..\_‘.\ 3, 5
5 3

N\ ' DNA polymerase extends 3" ends.

Incubate at 50°C \ r___q
for 15-60 minutes. N

' DNA ligase seals nicks.

Y
= Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith
HO (2009). "Enzymatic assembly of DNA molecules up to several

A+B hundred kilobases". Nature Methods. 6 (5):
Fully Assembled DNA 343-345. doi:10.1038/nmeth.1318. PMID 19363495.

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


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
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Multiplex Synthesis (2010)
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Figure 1 Schematic for scalable gene synthesis from OLS pool 2.

(a.b) Pre-designed oligonecieotides (no distinction is made batween
dsDNA and ssDNA In the figure) are synthesized on a DNA micrechip (a)
and then cleaved to make a pool of oligonuciectides (b). (¢) Plate-specific
peimes sequences (vellow of beown) are used to amphity separate plate
subpools (only two are shown), which contain DNA o assemble different
genes (only three are shown for @ach plate subpool). (d) Assembiy-specific
sequences (shades of blue) are used 10 amplify assembly subpocls that
contain only the DNA regured to make a single pene. (@) The prames
Sequences are cleaved using either type [IS restriction enrymes (résulling
in @sDNA) or by DpalVUSER/A exonuclease processing (producing
ssDNA), () Construction primers (shown as white and black sites flankeng
the full assembly) are then used In an assembly PCR reaction 1o busid

3 pene from each asembly subpool, Depending on the downstream
application, the assembled products are then cloned either before or after
an enzymatic efror corraction stop.

Kosuri, Sriram, et al. "Scalable gene synthesis
by selective amplification of DNA pools from
high-fidelity microchips." Nature

biotechnology 28.12 (2010): 1295-1299.



REPORT

Multiplexed gene synthesis in emulsions for exploring
protein functional landscapes

Calin Plesa’", Angus M. Sidore”", Nathan B. Lubock', Di Zhang®, Sriram Kosuri’*7
+ See all authors and afMmuations

Science 19 Jan 2018
Vol 359 issue 6373, pp. 343-347
DO 10.1126/science aao5167
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Chip Based Gene Synthesis
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Accurate multiplex gene synthesis from programmable

DNA microchips Parallel gene synthesis in a microfluidic device
Jingdong Tian, Hui Gong, Nijing Sheng, Xiaochuan Zhou, D.S. Kong, P.A. garr, L Chen, S. Zhang, J.M.
Erdogan Gulari, Xiaolian Gao and George Church Jacobson Nucleic Acid Research, 2007, Vol. 35,
Nature 432, 1050-1054(23 December 2004) No. 8 61

doi:10.1038/nature03151



US Dollars

Price Per Base of DNA Sequencing and Synthesis (circa 2017)
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Next Generation (Chip Based) DNA Synthesis




Letter Published: 18 June 2018

De novo DNA synthesis using polymerase- Enzymatic Synthesis

nucleotide conjugates

% vyield

Sebastian Palluk, Daniel H Arlow B8, Tristan de Rond, Sebastian Barthel, Justine S Kang, Rathin 9707 o yle

Bector, Hratch M Baghdassarian, Alisa N Truong, Peter W Kim, Anup K Singh, Nathan J Hillson & Jay . .
 atocil 20 S reaction time

Nature Biotechnology 36, 645-650 (2018) = Download Citation

a DNA primer b

OH (o}
5 W s 3 :
TdT \/S.';S/\/”\N/\/O\/\O/\/O\/\O /WT‘L
H
“TdT-PEG,-dTTP"

TdT-(PEG,-SPDP)-aa-gUTP

-
.

+int Tonext HO~ P 0
cycle
1. Extension
Cleavage reagent & Daprotestion I
{e.g., DTT/BME,
365-405 nm, TAT-DNA complex /\/N NO.
peplidase) — TdT \/ ’ o
OQP:OH
TAT-4TTP" pes e
OH

TdT-(BP-23354)-pa-dUTP

(@) Scheme for two-step oligonucleotide extension using TdT-dNTP conjugates consisting of a TdT molecule site-specifically labeled with
a dANTP 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 PEG,-SPDP (upper, “TdT-PEG,-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

-1 11 _ 1 _ e e e . 1T 1 11T _ 1 1 44 11



TdT Functional Schematic
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Article | Open access = Published: 21 January 2026

Construction of complex and diverse DNA sequences
using DNA three-way junctions

Noah Evan Robinson, Weilin Zhang_(3¥E4f), Rajesh Ghosh, Bryan Gerber, Hangiao Zhang_ (GKiX33),
Charles Sanfiorenzo, Sixiang Wang_(F2#}), Dino Di Carlo & Kaihang Wang_(FFFn) &

Nature (2026) | Cite this article

47k Accesses | 153 Altmetric | Metrics

Fig. 2: Sidewinder reliably assembles large multifragment assemblies with high

accuracy.
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DNASCRIPT

INTRODUCING THE
SYNTAX SYSTEM:
The first DNA printer powered

by Enzymatic DNA Synthesis (EDS)

REQUEST QUOTE

SYSTEM CAPABILITIES OLIGO SPECIFICATIONS

@ « Fully automated DNA printer m » 15-60 nt de novo synthesis (A, T, G, and C)
+ Plug-and-play operation » Custom iDNA 15-40 nt

E = Parallel synthesis in 96-well plates @ = Molecular biology-ready DNA
= Upto 96 oligos per run » Default 5-phosphate

6 = 15-min setup time per run O + 200-300 pmol per well

' « Same-day synthesis of 15- to 30-mers » Normalized to 4-7 pM
= Longer oligos available for next-day use
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The miracles of science*

DuPont Sorona

renewably sourced” polymer
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Cells as Chemical Factories
~6 Gb Synthesis For top 1000 small molecules drug intermediates

Artemisinic Acid (Antimalarial)
a b
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Paddon, Christopher J., et al. "High-level semi-synthetic production of
the potent antimalarial artemisinin." Nature 496.7446 (2013): 528-532.
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http://neweuropeans.org/eurowine-3-yeast-europe-and-economics/



Therapeutics from Natural Product Pathways

~2/3 of Small Molecule Pharmaceuticals are Natural Products

~5 Gb Synthesis for Known PKS Pathway Modules

1000’s of Annotated PKS’s
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Recoding

The Genetic Code

Life’s Operating System

G
U
C
A
- G
= The amino acid
All four bases have associated with a
the same kind of given triplet of
> bondtothe sugar- bases does not
...... & phosphate backbone appear to be
‘ AUG GGA chemically
,,,,,, determined.
Methionine Glycine  Amino

acid

The presence of
the anticodon on

- There are no
bonds between
the bases in

one end of the
tRNA does not

the longitudinal chemically
directionalong s o ; determine the
the helix. / v £ amino acid
Sugarposphate  Nitogencus d A attached to the
Ntrogenous  Sugarphosphate
backtone pas bases backbone ‘ @ ’ ' ' ’ ‘ other end. )
Flattened segment of the double helix Codon mit

mRNA transcribed code L Egd'a



Genomically Recoded Organisms
Expand Biological Functions

Marc ]. Lajoie,>*? Alexis ]. Rovner,>” Daniel B. Goodman,** Hans-Rudolf Aerni,**

Adrian D. Haimovich,>* Gleb Kuznetsov,* Jaron A. Mercer,” Harris H. Wang,® Peter A. Carmr,’
Joshua A. Mosberg,’? Nadin Rohland,* Peter G. Schultz,*® Joseph M. Jacobson,***?

Jesse Rinehart,*® George M. Church,**3* Farren ). Isaacs®**
www.sciencemag.org SCIENCE VOL 342 18 OCTOBER 2013

Wild type UAG denotes translation stop

(2) Eliminate UAG termination: ARF1
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Building:

* Therapeutics
* Nanostructures
* Nanomachines
e Data Storage

With Nucleotides



Moderna’s mRNA Vaccine Approach
Closely mlmlcs a natlve viral infection leading to B and T cell responses

Musde cell

O C""““”“"

moderna




RNA Cleavage Rules

Figure 2.
A

3 AACTGGGAGGCCAGTGG AAGAAAGTAAATCACT TTTTTACCACTGGTCTTCTGCTTTCAGGCGCTTGTTAAGAGCGGTTATIC 3
9.2 9.7

LogFC

18,16 123

-Log, padj

C2LogFC=97

C1L0gFC=92

—

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



nucleic acid package GC - 10%

Minimum Free Energy Secondary Structures : 25° C
TCACAAATTAATTTTAATTCCTATT TATATAAAGACTAATTTATAAGATT ATCTAATATCTTAGTGATAAAATTT

e - phosphite Hydrogen bonds
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Base Pairing Energies

>

CCCCCCCCCCCCCLCLLLLLLCeCaGaaaGaaaGGaAGEGGEAEGGAEAEGGAEE

MFE structure at 250 C

G/C~ -2.0 kcal/mol
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nucleic acid package G C - 50%

Minimum Free Energy Secondary Structures : 25° C
TAACCCTCCGATCACTATTTGAATT

AGATATACTCGGTATACGAGTCCCG

MFE structure at 25.0C
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Free energy of secondary structure: -6.08 kcal/mol

GGAGGTTAATCCACCATGTCTCCGT

MFE structure at 25.0C

Free energy of secondary structure: -2.67 kcal/mol
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nucleic acid package G C -— 50%

Minimum Free Energy Secondary Structures : 25° C

TCTAAGGGAATTCAGAGAACACTAG

MFE structure at 25.0 C
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weccane . QC = 90%

Minimum Free Energy Secondary Structures : 25° C

CCCGCACGCGCGCCCGCCCCCCGGL CCCGGCCCCGTAGCGCACCCGLCGG CGGGGGCGGCGAACGGGACGCCGGC

MFE structure at 25.0C MFE structure at 25.0C MFE structure at 25.0C
®A ®A ®A
ecC ecC ecC
eG eG eG
er er er

Free energy of secondary structure: -6.16 kcal/mol Free energy of secondary structure: -5.97 kcal/mol Free energy of secondary structure: -9.98 kcal/mol



wcin PULEING The Pieces Together

Minimum Free Energy Secondary Structures : 25° C

1 2 MFE structure at 25.0C

AGCTAGCTAGTTTTTTTTTT GGGGGGGGGGAAGGCC)

> strand 1- strand2 — strand 3
Z TTAA
AAAAAAAAAACCCCCCCCCC i
®G
3 o
strand2-strand3
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B O 34 uM Free energy of secondary structure: -31.86 kcal/mol
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— Do MFE structure at 25.0 C
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Free energy of secondary structure: -13.20 kcal/mol



Molecular Beacon
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SWiIgRNA closed Unmodified sgRNA
trigRNA minus

ORI
bioRyiv : ;
THE PREPRINT SERVER FOR BIOLOGY _
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crispr/cas9 guides
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3D DNA Origami

Science 15 April 2011:
Vol. 332 no. 6027 pp.
342-346
DOI:10.1126/science.120299
Q
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]DNA single strands Multistranded tile Sticky-end mediated assembly
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Step 1: conceive a target shape

Step 4. pool staple oligenucleotides
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Step 2: design scaffold-staple layout, evaluate
design and determine staple sequences

X .
.-

—

Step 5: run molecular self-assembly reactions
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Step 6: analyze folding quality
and puri

Step 7: analyze structural
details

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



Figure 1. The XOR Cellular Automaton
[ts Implementation by Tile-Based ¢
Assembly

(A) Left: three time steps of its execw
drawn as a space-time history, €
update synchronously accordin

XOR by the equation shown. Cell:
even time steps are interleaved o
those at odd time steps; arrows sl
propagation of information. Right:
Sierpinski triangle.

(B) Translating the space-time hisi
into a tiling. For each possible in
pair, we generate a tile T-xy that tn
the inputs represented as shapes on
lower half of each side and the outpu
shapes duplicated on the top half of e

- sicle.
B 2 =X @ y () The four Sierpinski rule tiles, T
T-11, T-01, and T-10, represent the |
outputs - z ;

z entries of the truth rable for X

A% E 0m0=0, 1&1=0, 0&1=1, a
. 1®0=1. Lower binding domains

b y Inpuls - X y the sides of tiles match input from
layer below; upper binding dom;

pa‘midt- output to both |)efghhnt'3

C O 0 0 0 l l 1 l the layer above, Semicircular dom

represent 07 and rectangular domz
» ‘1" Tiles that output '0" (T-00 and T
0 0 0 1 1 0 are gray, and we refer to them as ‘0" ¢
/ Tiles that output 1" (T-01 and T-10)
white and are referred w as ‘1"
Initial conditions for the computal
are provided by a nucleating struct
(blue). Red asterisks indicate sites on
nucleating structure that bear a
binding domain; elsewhere, sites b
all ‘0" binding domains. Black arr
indicate associations that would fi
two bonds; red arrows, associations |
would form one bond.
(D) Error-free growth results in
Sierpinski pattern.
(E) Error-prone growth from a nucl
ing structure with three '1" domains.
crosses indicate four mismatch error
DO 10,1571 journal phio. 002042 4.0

gorithmic Self-Assembly
of DNA Sierpinski Triangles
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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 https://www.pnas.org/content/112/3/713



Information Rich Replication
(Non-Protein Biochemical Systems)

RNA-Catalyzed RNA Polymerization
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14 base extension. Effective Error Rate: ~ 1:103

RNA-Catalyzed RNA Polymerization: Accurate and General RNA-Templated Primer Extension

Science 2001 May 18; 292: 1319-1325
Wendy K. Johnston, Peter J. Unrau, Michael S. Lawrence, Margaret E. Glasner, and David P. Bartel

Self-replicating
vesicle

Replicase

Linking function
{e.g. ribozyme)

sure 2 Qutline of proposed pathway for
nthesis of a cell. The first major synthetic
termediates are an RNA replicase and a self
licating vesicle. These are combined into a
otocell, enabling rapid evolutionary
timization of the replicase. Addition of an
A-coded linking function, such as a lipid

nthesizing ribozyme, completes the cellular

ucture.

J. Szostak, Nature,409,
Jan. 2001



RNA-Catalyzed RNA
Polymerization: Accurate and

General RNA-Templated Primer Minimum ribozyme length 165 nt

14 nt extension

Extension
« 10
Wendy K. Johnston, Peter ). Unrau,* Michael S. Lawrence, Error rate' 1A)
Al e Gk i Extension rate : 1nt per 153 minutes

SCIENCE VOL 292 18 MAY 2001
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Ribozyme-Catalyzed Transcription

of an Active Ribozyme

95 nt base template dependent
Extension

inizyme

24 nt m

Aniela Wochner, James Attwater, Alan Coulson, Philipp Holliger*

SCIENCE VOL 332 8 APRIL 2011
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FPGA (Field Programmable Gate Array)
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bioFPGA (Field Programmable Gene Array)
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DNA Data Storage
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A xe positioning

L ¢

A
12-atom
memgry Encodings in E. coli Hard

Disk
Flash Memory ¢ )'.

12
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Magnetic Tape ¢
8 Blu-Ray (QL)®
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DVD ¢
CDe

Information Density (log1o bits / mm?)

¢ Commercial
A Demonstration
® Biological
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Log1o bits encoded in production or demo

X
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=)

~ 10 Petabits

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

10%x COST

Table S1. Previous DNA Storage works, Bolded lines are included in Figure | as
representative sequences. Other DNA information works are included here for reference.
We do not include works related to DNA computation or associative memory where bits
are encoded for purposes other than storage considerations (these works usually encode
only modest amounts of information).

Bits Storage Mechanism Deseribed Usage
Encoded

1988 3 6) Plasmid/E. coli Art Encoded image; Micrevenus

199 " cnoke  Plawmed . cob Art Test from Bink (Ceneiny
b www ekac ong geninto.huml

1999 13% un DNA Micoodot Encrypeed Message "JUNE 6 INVASION-NORMANDY™

m S0l ) Flasmd E.coli Archival Storage Lines from Dickens

2003 1106 (a8 Masmed t coli Archival Storage Parts of “It's a Small World*

205 17 s Plavemid Focnli Art Encoded poem *Tossten™

2007 120 (26 Ecoli gesome Aschival Storage "E-ene®2 1905, use multiple encodings 1o
commect orrors

(L1} 1 “n plasmid Archival Storage Usc restnetion frmpment kength 10 oncade data
209 | 685 (3] Pasmod ¥ coh Archival Storage TextMusic ¥mage
2018 790 () My coplasma genome Watermark Watermarking of vyothetic genome
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Fabricational Complexity zazir=reros
Application: Why Are There 20 Amino Acids in Biology?

(What is the right balance between Codon code redundancy and diversity?)

e N Blocks of Q Types

Question: Given N monomeric building blocks mO0 -\
of Q different types, what is the optimal number IJ = .D \ EEEEY B ER B B |
of different types of building blocks Q which | - m - )
maximizes the complexity of the ensemble of all _ j m N/
possible constructs? —
The complexion for the total number of different ways W= Nt N
to arrange N blocks of Q different types (where each type [1n! (N/O)¥

has the same number) is given by:

And the complexity is:  F(N,Q)~ NIn(N)-Q0* [(N /O)In(N/Q)- N/ Q]

20}
For a given polymer length N
we can ask which Q*

achieves the half max for 0% ol
complexity such that:

F(N,0%)=0.5F(N,N)
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