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Synthetic biology Is a basket of
technologies that facilitate the
engineering of living organisms



Potentially the single most important
technology of this century...
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Bits (0s,1s) encode information for digital
electronic processors (computers)

DNA encodes information for analog
biochemical processors (cells)

DNA is source code for biological systems

Change the code, change metabolism



GEeNOMES are special programs that encode:
 Instructions for biochemical processors

 Machinery to duplicate the processor and
install the program onto processors

Equivalent in computing not to an operating system but to all
the software it would take to run a computer production

line.
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ATG-TCA-AAT-AAA-AGT-AAT-GAT-AAT -GLL-AGA-GCA-TAT-GAG-TTT-GCA-TTT-ATA-AAT-GAA-
TTA-GGA-COC-ATT-GCA-ACT-CAA-AAT-CAG-AAT-ATA-AAT-ATC-GAA-AAG-AAT-TCT-AGC-TAT
TAC-GTA-GTT-GAG-AAA-TCT-TGG-AGT-ACA-TTA-TCG-GAT-CTT-GAA-AAA -GAA-AAA-TAT-ACA
AAA-AGT-GCA-ATT-GCT-GGT-ATC-AAT-CTT-ATA-ACA-AGC-TTA-GAG-CCA-ATA-ATA-GAA-GAT
GGT-AAT-GGT-GTA-TTA-AAC-TTA-AAA-ATA-CAA-GCT-GAT-AAT-AAA-GGT-GAA-TTA-GGC-GAT-
ATT-AGA-GAT-ATT-TTA-ATT-CAA-AGA-GAA-AAT-ATT-AAT-TGG-GAA-ATT-GGT-TTA-AGT-TTA-
AAA-CAT-AAT-CAT-TTT-GCT-GTG-AAA-CAT-AGT-CGT-TTA-TCA-CAT-AAA-ATT-GAT-TTT-TCA-
GAA-AAA-TGG-TTC-CAA-TTA-CCT-TCT-TCT-CAA-AAT-TAT-TGG-GAT-AAT-ATA-CTC-CCT-ATT-
TTT-GAG-AAA-TTA-GAA-ATT-TAT-AAA-AAA-GAT-AAA-ATA-AAA-TGG-AGA-GAG-TTA-TCT-AAT-
AAA-GAA-GAT-TGC-ATT-TAT-TAT-CCC-ATA-CTT-AAA-TCA-TTT-ATA-GCA-GAA-ATT-AAA-GAA-
AAG-TAT-GAT-AAA-TAT-AAT-TCT-ATT-GTT-CCA-CAG-AGA-ATG-GTT-GAA-TAT-TTA-CTT-GGA-
TAT-TTT-GAT-TTC-TAT-AAA-ATC-ATA-AGT-CAA-GAT-AAT-AAG-AAA-CTA-ACA-TCT-ATT-CAA-
TCA-TTT-AAT-TTA-CGT-GGA-ACA -CTA-AAT-AAA-CCC-TCT-AAA-AAA-CGA-AAG-GCA-GAC-ATT
TIT-ATA-CCT-GTA-GCT-AAT-TTA-CCA-ACT-AGA-ATC-ATT-GAT-ATA-GAT-TTT-AAG-CCA-AAT
AGT-AAA-AAC-ACG-GTT-GAA-TTA-TAT-TTA-GAT-AAA-GGA -TGGL-CAA-TTT-AGT-TTT-AGA-ATA
CAT-AAT-GCT-TCT-ACT-ATT-ATT-GAA-CCG-AGC-TTG-AAA-TTT-GAT-ATA-AAA-CTT-ATT-GGT-

GTT-CCT-GCC-ACA-ATA-ATT-TGT-TTA-GAG-ACC-CCT-TGG-GAA-GAA-TGA
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500 bp/day (manual) 36,000 bp/day (semi-auto) 144,000 bp/day (semi-auto)

Sequencing and Basecalling Results for 191base Read
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Escherichia coli 536, complete genome

Arccession: MC_008253 Topology: circular; Length: 4,938,920 bp; Genes: 4,732
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‘DNA Strider’: a ‘C' program for the fast analysis of DNA and protein sequences on the Apple
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251|TGGCTAAGACTATCAAGAGTACATGGTATARGT TGAGCAAT TRCACTCGT 300
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Yeast Saccharomyces cerevisiae phoS gene for repressible acid phosphatase
Arima,K., et al. Nucleic Acids Research (1983) 11, 1657-1672.
This sequence is a subset (401 to 2132) of Genbank (rel.46) VSCPHOS entry.
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supercomputer, 3 years running
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J.R. Koza et al.

Automatic creation of computer
programs for designing
electrical circuits using genetic
programming.

s

http://www.genetic-programming.com/jkpdf/acdm1998.pdf
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If we can’t build it, we don’t understand it.



Genetic “Engineering”

Writing code



Proc. Nat. Acad. Sci. USA
Vol. 69, No. 10, pp. 2004-2909, October 1972

Biochemical Method for Inserting New Genetic Information into DNA of
Simian Virus 40: Circular SV40 DNA Molecules Containing Lambda
Phage Genes and the Galactose Operon of Escherichia coli

{(molecular hybrids/DNA joining/viral transformation/genetic transfer)

=

DAVID A. JACKSON®*, ROBERT H. SYMONSt, AND PAUL BERG
Department of Biochemistry, Stanford University Medical Center, Stanford, California 94305

Coniribuled by Paul Berg, July 31, 1978

Proc. Nal. Acad. Sci. USA
Yol. 70, No. 11, pp. 3240-3244, November 1973

Construction of Biologically Functional Bacterial Plasmids In Vitro
(R factor/restriction enzyme/transformation/endonuclease/antibiotic resistance)

STANLEY N. COHEN*, ANNIE C. Y. CHANG*, HERBERT W. BOYER{, AND ROBERT B. HELLINGY}

* Department of Medicine, Stanford University School of Medicine, Stanford, California 94305; and T Department of Microbiology.
University of California at S8an Francisco, S8an Francisco, Calif, 94122

Communicaied by Norman Davidson, July 18, 1973



-y

The DNA Furor

4 TIHI(EHIHG




Recomiinant DM,

Restriction Enzyme
Action of EcoRlI



1, m It e - N a |
vou ¥ HE @0 umm Iz TED

but 70 U could MAKE .




http://en.wikipedia.org/wiki/Image:Metal_movable_type.jpg



sequencing

Digital DNA

Physical DNA
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MILLIGEN / MILLIPORE DNA SYNTHESIZER CYCLONE PLUS 38400

Buyer or seller of this item? Sign in for your status

=BuyitNow Price:

Best Offer
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11/23/2007
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Up to 325 back w. eBay MasterCard Details
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=tandard Flat Hate Shipping Service
service to United States

Worldwide
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Oligonuclectide set 2
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EGFP gene 714 bp
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L eader in Gene Synthesis ; ..
Fast Turnaround. Free Codon DNA 2.0

COptimization. Low Price Guaranteed
wwy biobasic.com

Gene Synthesis $0 590

Dependahle Serice & Low Price:
Come on Down and =ave Your Budgets!
wtwy epochhiolabs. com

Custom Gene Synthesis
Far small, large & difficult genes.
Free codon optimization services
whnti. Caltek-genes. com

eng Synthesis by GEREART

gene synthesis from 0.7%/bp -
buy now at aur best rate everl
Wty eneart. com

A BLUEHERON®

The Synthetic Biology Campany BIOTECHNOLOGY
‘four Building Blocks of Life
wwy, DNAZD com

Elue Heron Bio Genelaker
Call now for pramaotional pricing!
Synthetic Gene Specialists.
whntwy. blueheronbia. com
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BOO015

terminator

Name: BO015

Type: Double terminator
Length 129 bp

Designed by: Reshma Shetty
Forward efficiency: 0.984
Reverse efficiency: .295
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STANDARDIZED DATA

C N
System Synthetic system or cell
8 J
C 0
F1760
Device Sender Device assembly
A8 )
Part terBrr?i(zmlastor synthesis

ccaggcatcaaataaaacgaaaggctcagtcgaaagactgggcctttc
DNA gttttatctgttgtttgtcggtgaacgctctctactagagtcacactggctcac
cttcgggtgggcctttctgcgtttata
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GenoCAD™
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: M Training DNA programmers

Synthetic biology requires an unprecedented level of interdisciplinary cooperation, fewer
laboratory skills, and less overhead than conventional genetic engineering.

Cooperative yet competitive

Open education format...

Shares:
« DNA parts
e DNA code

* Protocols

 Experience

* Publications

* One big rule: share back!




International Genetically Engineered Machine Competition

article  dis edi  history CF

registry

BJ . . Hundreds of undergraduates all over the
Y world spend their summer making

Bynthetic  Biology a  reality by

§ 2 - ? participating in the annual

e & International Genetically Enginesred
: Machine competition.

E . ' : : iZEM through the years
J T .

: ' SR T Py A \ PrL = _

Cambridge & Melbourne Leap Together

Cambridge Univers ourne Univeristy leap together after co-winning the Best BioBrick Part award,

m zoof
® 2007

m zoob

sat & sun, nov 3-4

iGEM 2007 is now
officially  coneluded!

Jamboree roster + fees due

iz octs

Congratulations to all!
A iGEM wiki frozen + parts /iy
* i postmarked 26 Oct oz
n
sQt-sUN
w Media Gnduding ks e il -snd Jambareel -y oy o7
AT i ke e S o) Registry + BicBrick  sun-fue

foundation workshops  4-6 nov o7
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blogs covering iGEM

[email meagan{=t}igem{datlorg with blog posts that do not appear below]

Discover Hybrid Cars and Biopact Blog talk about the Alberta team project.

The Scientist has several blog posts about iGEM and the Jamboree written by Alla Katsnelson who attended the Jambaoree.
Alexiz Madrigal at Wired writes about several IGEM 2007 teams as well as the "Adventures in Synthetic Biology" comic boak.
The Proyecto de Bioseguridad Puerto Rico writes about iGEM.

Jimmy fram the UCSF team blogs about his experience.

news articles about iGEM

[email meagan{=tligem{dotlorg with news articles that do not appear below]

Brown Daily Hearald: Students win gold for glowing mold

NY Times: English, Algebra, Phys Ed ... and Biotech

San Francisco Chronicle: High school biowizards break new ground in winning competition

Cnews.ca: ButaMerds purmped

Medical News Today: Young Slovenian Synthetic Biologists Devise A Mutation Independent Defense Against HIY
Science Daily: Students Devise Movel WWay To Detect Urinary Catheter Infections

The Brown Daily Herald: Students win gold for glowing moald

The University of Melbourne Yoice: Bioengineering Gold: University of Melbourne students won a team Gold hMedal and share
2007

Mississippi Agricultural News: M3 students excel in new scientific field

Wired.com: Genetic-Engineering Competitors Create Modular DNA Dev Kit

Genome Technology Online: "We Think of It as the Synthetic Biology Sweatshop”

The University of Lethbridge: Biochemistry Researcher and IGEM Team Leader Heceives Alberta Ingenuity Mew Faculty A
Imperial College London: Gaing for gold — Imperial students impress judges at genetic engineering competition
Taipei Times: Mational Yang Ming University students win science gold

MIT Hews: Hundreds attend iGem Jamboree

Marketwire: GENEART Sponsors Winning iIGEM Teams

Daily Princetonian: Cellularwarriors: Team develops new approach to fighting breast cancer

Livemint.com - The Wall Street Journal: Indian students win MIT prize, strike blow for synthetic biology

The Rolla Daily News: LIMFE team to develop yeast-cell breathalyzer

Rice News: Students use designer virus to attack bacterial drug resistance

University of Alherta Express News: Alberta's ButalMerds iGEM team (w/ video!)

UCSF Today: UCSF's al-highschool team

AMERIC,
Tife e R

T “‘u 3 4
\‘




BACTOBLOOD

s is undisputed. There are
in short
have the greatest need for blood transfusio
frastructure and the required pool of healthy don

U c B E R K E L E Y developing ive red blood cell substitute constructed from engi ed £ colf hacteria. O TURE
designed to en in the bloodstream without inducing sepsis, and to be stored far pralonged

periods in a freeze-dried state.

Suppott for Berkeley iGEM 2007 was generously provided by SynBERUC and The Camille and Henry Dreyius Foundation, Inc.




in absente of lactose

BBal1HBZ gy cppiz shac| repressed
Promatar Lac hbitid promioter

BBa_BOD1S
.ﬁ.@.ﬁ...-—.ﬁ_e_@_‘_ Toriin

Bba_Bi0s0 BBa_BO01S BBa_80030 |

uregse

Terminator
A, FRaiseinpH

BBa_C00%0 ppa_pi015
ArsOP el Terménator

PGB
i

in prezence of arsenic

LrsR

A0 2opph kol

-9 ¢
Termingtor

I ) Do in pH

in presence of arsenic ange amount)




The University of Alberta's

Butanerds
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L Fill your home with the Full HD experience, only with ExpressVu.
Save * Superior picture quality — up to 10 times better than regular cable ’
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* Best HD PVR — the most recording capacity with up to 30 hours of HD

Latest News: Flames come up short against 'Hawks

NEWS Programs CTY News Team Services
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Alberta team trying to turn E. coli into fuel
Updated Mon, Mov, 5 2007 8:12 AM ET

The Carnadian Press

CAMBRIDGE, Mass. - A University of Alberta
team trying to turn E. coli into fuel has
earned a first place finish in the energy
cateqory at an international genetic
engineering competition at MIT,

Under a magnification of Welcome to

6836x, this scanning Andrew Hessel, a consultant with the

electron micrograph (SEM) | ple s [ngenwity Fund who has helped the human network

depictes a number of L

Gram-negative teams from three Alberta universities Discover how the human network alialn
Escherichia coli bacteria of | COMPete, says while none of the teams connects and empowers us all. Find out + cisco
the strain 0157:H7. from the University of Calgary, the

(Courtesy of Centers of University of Lethbridge or the U of & made

Disease Control and it to the final competition, he calls it a USER TOOLS

Prevention) fantastic educational experience, B odalicin e afh mree



BERKELEY CENTER
FR SYNTHETIC BIOLOGY

A JoinT PROGRAM OF THE CALIFORNIA INSTITUTE FOR QUANTITATIVE BioMEDIC AL RESEARCH (QB3)
AND LAWRENCE BERKELEY NATIONAL LABGRATCRY (LBML)

The California Institute for Quantitative Biomedical Research (QB3) and Lawrence Berkeley
National Laboratory (LBNL) have joined forces to accelerate the growth of synthetic biology, a
new field that promises major new advances in preventing and treating disease, generating new
energy sources, and preventing and mitigating environmental threats.

Opening in spring 2005 in a spacious, modern building
in west Berkeley, the Berkeley Center for Synthetic
Biology gives renowned scientists and engineers the
chance to pool their talents and collaborate in new
ways, with enormous potential benefits for California’s
citizens in the form of advances in biomedicine and
energy renewables and economic growth.

Synthetic biologists study the control and design of

biological components and new organisms to solve a QB3 and LENL scientists occupy lab space in a
host of important health, energy, and environmental building renovated in 1997 for biotech research,
problems that cannot be solved using naturally previously leased by Bayer, featuring large labs,

; ' ; rin ; viral suites, and tissue culture rooms. UCSF Mission
occurring hiological entities. The inherently Bay and numerous biotech firms are nearby.

| [

MIT establishes groundbreaking
biological engineering major

The Massachusetts Institute of Technology faculty yesterday approved a
hewy course of study for undergraduates, in hiological engineering, the
first entirely new curriculum establizshed at the Institute in 29 vears.
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rojects withh DNA

For ages 8 and up
Adult Supervision Required
Materials included except for the items listed.
Through play. hands-on projects, patterns and puzzles
ia book and kit explores the amazing DNA story.

""b ;  Build a DNA ladder.

- : Heat =~ °
Extract " SHOCK! .

Decode the
code of life

Is it a boy or girl?

Dress mp for
sterile techniques. Solve, the '
chromosome '
Guality time, quality learning, quality play. puzzle.

http://www.electrowiz.com/



Looking forward



Performance of enabling

biotechnology tools and approaches

g

Recombinant DNA technology:
* Horizontal transfer of genetic material
* Homologous recombination

+ Gene shuffling/directed evolution

Synthetic biology techniques:
+ Standard biological parts
¢ Low cost sequencing and synthesis
¢ Simplified chasses/
operating sytems
¢ System modeling and simulation
* Metabolic pathway design

| I | ] | | -

1980 2010 2030

Source: Bio era



Is government policy... A supportive?

The Gilded Lab: Modular Life:

Public and private funding supports Abundant entrepreneurial entry and
laboratory research programs, but new product creation; application
biological engineering meets challeng- of biological engineenng in many
ing technical obstacles; economic sectors of the economy; some
implications are small and investors applications create social contro-
are disappointed. versy and opposition.

s genome engineering...

= o

difficult/expensive? easy/cheap?
Barricades: Underworld:
Geopolitical tensions and security Like the Prohibition Era; government
concerns dominate government policy; efforts to restrict the technology
genome engineering research is foster black markets, hacker culture,
severely restricted, with limited com- and lots of unregulated activity
mercial activity; government-funded outside the LL5.

research is focused on hiodefense, y restrictive?

Source: Bio era
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Research Article

Genome Transplantation in Bacteria: Changing One Species to Another

Carole Lartigue, John I Glass,® Nma Alperovich, Eembert Pieper, Prashanth P. Parmar, Clyde A
Hutchison I, Hanulton O Snuth, J. Craig Venter

The J. Craizg Venter Institute, Rockville, MD 20850, USA

science theguardian

Home | Science news | Comment | Podcasts | Talk | Bad science | Technology | Environment

I am creating artificial life, declares US
gene pioneer

- ocientist has made synthetic chromosome
- Breakthrough could combat global warming



Suite of solutions
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SYNTHETIC GENOMICS | Options for Governance

Hichails B Garflaksd, Ths | Crog v g, fockels derpien s Drasy Eady, Screchams letes offacbeolige Combricrs,
dgrrechamey, Gerald L Epebsde, Seeod Brivaegc evd eamsdecd Pocar Wakagon Desia of Crhkmbia evs' Robert H.
Frisdnan, s | Crelgbeeas b ey Aodvile, by ed
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The true story of a real fake. 4

catch me _ if you can

Catch them in Cinemas

Q&A: Former fraudster Frank Abagnale offers IT
security advice



Next generation biotechnology



Applications dependent on
synthetic capabillities

single genes*

base
pairs

102 103 104 10° 106 107

genetic circuits, viruses, GEMs Engineered organisms
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rdas& the renewable petroleum company™




SAMYRI

BIOTECHNOLOGIES

COMPANY PROFILE TECHNOLOGY  CURRENT PROJECTS

WEICome Armyris Biotechnologies is translating the promise of
synthetic hiology into solutions for reak-world

problerms. Building on advances in molecular, cell
and systerns hiology, we are engineering microbes
capakle of producing high-walue compounds to
address major global health and energy challenges.
Wie are employing these living chermical factories to
produce novel pharmacedticals, renewable fuels,
and specialty chermicals.

© 2006 AMYRIS BIOTECHNOLOGIES™




About Us | Contact Us | Careers |

Science and Technology

Stop Cloning Genes
SYNTHESIZE THEM!

Rapid, high-quality,

F r %

/ 3 % v
: Constructed ]
low-cost gene synthesis Gene Constructed Dperons & Genomic b
Synthesis Variant Operon Varlant | | Engineering &
Libraries Libraries




Investors

Funded by a syndicate of well-respected, top-tier venture
capital firms, Archemix has raised over $100 million to date.

The Series B round ($53M, completed 10 2004) was led by Highland
Capital Partners, and included all of the Series & investors and
Athenian Yenture Partners,

The Series & round ($52M, completed 30 2002) included lead investors
Atlas Wenture, Prospect Wenture Partners and SV Life Sciences, Other
investors included Rho Yentures, Care Capital, MDS Capital, POSCO
Bioventures, and US Trust Private Equity,

CONTACT | SITE MAP —
| aBoUT | SCIENCE | PRODUCTS | PARTNERSHIPS & ALLIANCES | MEWS & INVESTORS | CAREERS

Archemix and Merck KGaA Sign Strategic Alliance

Coltaboration to Focus Primarily on Cancer Therapeutics Hsing
Novel Aptamer Technology
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Toward a New Drug Development Pipeline Suitable for
Personalized Cancer Therapeutics

. Clinical Approval

Drug Dmeg Human
Leads Tasis Trials

|deally, a next-generation pipeline for efiective cancer drugs would:

As an output, produce personalized medicines

Be able to produce a targeted medicine for every cancer, newly diagnosed or recurring

Allow for rapid and sustainable development of these outputs

Have favorable drug development economics, ie. the cost of producing drugs decreases over time

Make a failure of any drug in the pipeline a trivial event

Be able to grow in output capacity to satisfy the needs of a global market

Continuously incorporate the latest understanding and data from molecular biology, oncology, and related
sciences, plus growing clinical experience with personalized medicines

And, finally, ensure the highest possible standards of safety and oversight

Design

: ufacturing
Engine 52

Compiler [0




Clinical presentation

Peiform

Open Bio-Fabrication Shared knowledge base

standardized Parts Library |

Culture patient celis
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Clinical experience '
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Clinical data
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Mew Individual

ARCHON

GENOMICS \ PRIZEL
DOMNATE | X PRIZE FOUNDATION

ARCHON X PRIZE FOR GENOMICS | TEAMS | NEWS & EVENTS | TAKE ACTION | DISCOVER | ABOUT

The breakthrough of our lifetime...
the X PRIZE about each of us.

Revolution Through Competition. P TAKE ACTION



signin | help
23andMe genetics just got personal. have a claim code?

for the experts stare about us

our service genetics 101

discoveryour genome at 23andhile m

1866: Gragor Mendel discovers the laws of inhertance,

200,000 years ago: Home sapiens walks the Earth 2003 The Human Genorme Praject maps a single person's genoms

2007: 23andMe introduces the first Personal Genome Service.
Unlock the secrets of your own DNA. Today.

175,000 vears ago: The mother of all present-day humans is born in Africa

19523 Watson and Crick uncover the double-hele structure of DA

Welcome to 23andhe, aweb-based service that helps you read and understand your DA, After providing a saliva sample using an at-home
kit, you can use our interactive tools to shed new light on your distant ancestors, yvour close family and most of all, yourself,

Part 1: What are genes? Part 2: What are SNPs?
23 Find out ahout the basics of cells, Learn about the variations in
s AATCGT
o J'.r'-"t':" chromosomes, and the genes AACCG human DA called SMPs, and how
o : cantained in your DRA, i they can be used to understand

Jl- relationships hetween people.
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Progress in Alberta
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ALBERTA

INGENUITY

FUND CONTACT US  SITE SEARCH  USER LOGIN

ABOUT US | AWARD PROGRAMS | RESULTS | INDUSTRY PARTMERSHIPS | OUTREACH | COMMUNICATIONS ‘ n g e n u i_[y

MEWS
Alberta I"g LHNUTTY™ 0T : Ingenuity launches bold new $100

the Alberta Heritage FoundationforScicnce aid Logincering Research, million research program
Cctoher 10, 2007 - Innenuity

nr!nwment to »SHPP,Q” .I’{:Sﬂa rch. Accelerators focus on ensuring

future prosperity of the province.



