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Synthetic Genomics
From Reading to Writing the
Genetic Code

Genes are the design
components of the future

J. Craig Venter
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The Dog Genome: Survey
Sequencing and Comparative
Analysis
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Microbial Abundance

Microbes make up roughly 2 of the Earth’s
biomass

6 X 1039 microbes over entire Earth

Animals make up 1/1000th of Earth’s total
biomass

Each ml of sea water has one million bacteria
and 10 million viruses

J. Craig Venter
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www.sorcerer2expedition.org

EXPEDITION INFO VOYAGE TRACKER MULTIMEDIA GALLERY SCIENTIAC DATA GLOSSARY
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Expedition Owerview Latest Mews

& P3/04504 [14:08 EST)
IBEA researchers publish resulks from
environmental shotgun sequencing of
Sargaszzo Sea in Science; dizcover 1,800
new species and 12 million new genes,
» including nearly 800 new photoreceptor

4  The Sorcerer || Erpedition is the brainchild of The
1 Institute for Biological Energy Alternatives CIBER)
president, Jd. Craig Uenter, PhD. Dr. Denter is well '
known az the scientist who pioneered methods of
rapid gene analysiz used to decode the human
genome. He and his teams developed revalutionary
techniques and used of state of the art technology
and mathematical algorithms that also led to the m
saquencing of nearly HH genomes including model
w oiganisms such as the froik fly and the mowse. As Receive expedition updates and news! Join! |
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www.sorcerer2expedition.org

Sorcerer II Global Ocean Survey:
Nova Scotia through Galapagos Islands
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454 Genome Sequencing System

Up to 100x throughput over Fluorescent
Sequencing:

20 megabases/4 hr instrument run
(20-32 high Q)

J. Craig Venter
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Current vs 454

Platform 3730 454

Bases per day 945K 100-200 million

Runs per day 12 S

Bases per run 78.7K 20-40 million

Average RL 820bp 125bp

Cost ~$0.0012/base | $0.00025/base
( $1.20/Kb) ($0.25/Kb)

J. Craig Venter
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Marine Microbe Sequencing
Project

$9M Funded by Gordon and Betty Moore Foundation

Sequence, Assemble and Auto-Annotate up to 130
Marine Microbes

Add to the current (10-20) set of sequenced Marine
Microbes

1000% increase

Synergy with Sorcerer Expedition

J. Craig Venter
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Sorcerer Il Expedition and Moore Foundation Isolated Organisms

Cocos Islang. %
[ ° .
. ;

Fre:Inch
Tonga | , Polypesia
[ ]
Cook o
Islands

O Sampled stations
O Planned stations

Number of organisms isolated from each region for the Moore Foundation Program

J. Craig Venter
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Aerosol sample collection

Samples 1360 m?3 air in
24 hrs (58 m3/hr)

Average 1 X 10°
bacteria/filter/day

Multi-day sample
averages known diurnal
variation in microbial
composition

J. Craig Venter
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Preliminary Analysis:
Nova Scotia through Galapagos

J. Craig Venter
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Synthetic Genomics

Design and construction of
genomes from scratch

J. Craig Venter
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Chemical synthesis of DNA: from genes to genomes
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Whole genome phylogeny of Firmicutes
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The core mycoplasma genome is the
set of genes common to all 13
complete sequences

'A‘\ At least 36 genes

Expanded core § !‘ﬁ in expanded core

of 310 genes (90 =g ’l'f"/‘{’ B are non-essential

because of non- / / N based on gene
orthologous gene

displacements

173 genes K2 220 core genes
common to <X w/o obligate

all 13 Intracellular
parasite
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Construction of an Artificial Chromosome

Oligonucleotides — — —

Taq Polymerase
Assembled Gene
—>

PCR Products I| ) N S S ) { ) ) S N B B

~ 10 Kbp | -
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Generating a synthetic genome by whole genome
assembly: $»X174 bacteriophage from synthetic

oligonucleotides

Hamilten Q. Smith, Clyde A. Hutchison I, Cynthia Ffannkech, and ). Craig Venter*

Irestitute for Bioksgical Ensrgy Alternatioes, 1901 Ressarch Boulewvard, Suite 600, Rodeil

Contributed by 1. Craig Venter, Nowember 3, 2003

We have Improved upon the methodolegy and dramatically short-
ened the tme required for accurate assembly of 5- to 6-kb seg-
ments of DNA from synthetic oligonucleatides. &s a test of this
methodology, we have established conditions for the rapld (14-
day) assambly of the complete Infectlous genome of bacterlophage
X174 (5,386 bp) from a single pool of chemlcally synthestzad
ollgonucleotides. The procedure Imvolves three key steps: () gel
purlfication of posled oligonudeotides to reduce contaminaton
with moleculas of Incorrect chaln length, (43 ligation of the oligo-
nucleotides under stringent annealing condifions (55°C) to select
agalnst annealing of molecules with Incorrect sequences, and (1)
assambly of llgation products into full-length genomes by poly-
merase cycling assembly, a nonexponentlal reactlon Inwhich each
tarminal ollgonudeotide can be extendad only once to produce a
full-length molecule. 'We observed a discrate bard of full-length
assemblles upon gel analysis of the polymerase oyding assembly
product, without any PCR am plification. PCR amplification was
then used to obtalnlarger amounts of pure full-length genomes for
circularization and Infecthvity measurements. The synthetlc DRk
had a low er Infectivity than natural DMA, Indicating a pproximately
one lathal errar per 500 bp. However, fully Infectious X174 virlons
were recogered after electroporation Into Escheylchia call. Se-
fuence analysls of several Infectlous lsolatas werlfied the acuracy
of these synthetic genomes. One such lsolate had exacty the
Intended sequence. We propose to assemble larger genomes by
Jeining separately assembled 5- to &kb segmants; 60 such seg-
ments would ba required for a minimal cellular genome.

hemical synthesis of life in the laboratory has been a standing

challenge to synthetic onganic chemistry since Wohler's syn-
thesiz of urea in 1828 (1), and the doctrine of spontaneous gener-
ation was put o rest by an address by Lonis Pasteur in 18648 With
an understanding of the genetic role of DMNA, much work has
focused on the synthesis of oligonuclectides and genes. The symn-
thesis of the 207-bp gene for tyrosine suppressor tRMA in 1979 by
Khorana and 17 coworkers (2) was a momumental undertaking.
Since then, the antomated DMA synthesizer has been developed
hased on fundamental advances in synthetic methods from the
laboratories of Letsinger (3, 4) and Caruthers (3, ).

In 19549 w described a minimal prokaryotic genome based on
resulis from random whole genome transposon mutagenesis that
inactivated one gene per cell (7). By using this approach, =300
essential genes for self-replicating cellular life were described,
and we proposed to make a synthetic chromosome to test the
viability of this hypothesis (7). Bafore attempting synthesis of a
microbial chromosome, we commissioned an independeant hio-
ethical review of our proposed scientific plan (8). After =1 wear
of deliberation, the reviewers concluded that we were taking a
reasonable scientific approach to an important biological ques-
tion. The broader implications of the creation of life in the
latoratory can now be corsidered a realistic possibility. Heow-
ever, there are several technical barriers to the synthesis of
microbial chromosome-sized stretches of DIMA that are hon-
dreds of thonsands to milliore of nuclectides long, the most
notable being the contamination of the cligonuclectides by

15440-15445 | PHAS | December 23, 2003 | wol 100 | mo.28

Design oligos

Synthesize oligos

Purify top strand and bottom strand oliges

in separate pools by gel electrophoresis 2days

5'-phosphorylate the oligos

I'aq ligate the pooled top and bottom
—Se oligos overnight at 55°C

<<

in i Polymerase cycling assembly (PCA)
of ligation products into full-length
chromosomes, 35 to 70 cycles

12to 24 hrs

v

PCR amplification of assembled
full-length chromosomes

e
%

 —
%

Gel-purify amplified chromosomes

© Circularize the synthetic linear chromosomal

4 hrs

© © DNA so that itis infectious

Electroporate into £. coli and plate
for phage plaques

11 Sequence phage from individual

I | N

AT Al A {8 plagues
il Uty (]

AL sl bt E e

Total time ~2 weeks

Abbrevlations: RF, raplcathee form of DHA: PCA, polynarass opedrg Emmbly sinsl
spmthutic 43174,

VPrasant addrez: Departmant of Morcblolegy and mnunclogy, Unksrsty of Horth
Candling, Chapsal HIIL NC 27597290,

Flowhiam oorrespondence should be addrased. E-malt jowenber @toag.ong.
SPaskaur, L., Sorbonne SdentificSelns, Apr. 7, 1854, Fark.
& W03 by Tre Hallonal Academy of Sduncas of the LEA

e, prias.org fogl/ ol 10,1073, pnas 22371 26100

Hamilton Smith, Clyde
Hutchison, Cindi Pfannkoch,
Craig Venter
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This Software Builds
Its Own Hardware

J. Craig Venter
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From Reading To Writing:

What can be made and when?

= Any sequenced viral genome including select
agents can be made today

= Designer viruses” are over a decade away
= Prokaryotes (bacteria): 2 years

= Single-cell eukaryotes: Within 10 years

J. Craig Venter
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Construction of an Artificial Chromosome

Oligonucleotides — — —

Taq Polymerase
Assembled Gene
—>

PCR Products I| ) N S S ) { ) ) S N B B

~ 10 Kbp | -

J. Craig Venter
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How do we connect many small
synthetic genome fragments into a
single circular chromosome?

V4
//// HOMOLOGOUS

Kl RECOMBINATION
\\\\\\ IN VITRO
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In vitro
~—

X homologous
recombination

* Develop an in vitro D. radiodurans recombination system

« Express and characterize recombination proteins

48.5 kb
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D. radiodurans: The Ultimate DNA Assembly Machine
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* With David Schwarz, University of Wisconsin, Madison

D. radiodurans

1.75M rad, 24hr



Combinatorial Genomics

Genes can be rapidly screened via
cassette based construction of thousands
to millions of genomes/day
Selection through screening for

Chemical production

Viability

Hydrogen production etc.

J. Craig Venter
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Sugars

CO,—

—) Protein

N\

Biopolymers
(CHZ) n

Methane CHs4

J. Craig Venter
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CO —
T~ Hydrogen

Methane CH4
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Some Potential benefits

= Basic biology
-« Study evolution

Understand requirements
for life

- Confirm sequences

= Energy

- e.g., Renewable hydrogen
(a JCVI project funded by
DoE Office of Science)

J. Craig Venter

= Human and animal health

- Vaccines (research and
applications)

- Gene therapy
Phage-based antibiotics
Drugs

= New materials
Bioplastics
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Future of Engineered Species

Designed and engineered species could
replace petro-chemical industry

Will be a source of future food

A source of energy
The basis of bioremediation

J. Craig Venter
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Regulation vs Good Scientific Standards

We Postponed Our research for Ethical/Policy Review in 1999

Review indicated acceptable to proceed with minimal genome efforts*

Good Steward Standard

Responsible lab precautions

Lab Bio Safety Level 3 for early stages

No human pathogens/No human genomes

No organism survival outside lab

Engineer out pathogenesis and self evolution

Open communication with non-science communities

Tremendous Opportunity for Good

Carbon neutral energy sources
Environmental remediation
Carbon sequestration

Vaccine and other opportunities

* “Genetics: Ethical Considerations in Svnthesizina a Minimal Genome” Science. 286. n. 2087

J. Craig Venter
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Ethics and policy studies

= Ethical and religious concerns surrounding work on
minimal genomes (1999)

o Ethics of Genomics group considered the implications of
determining and/or synthesizing a minimal genome

» Identified specific areas of concern, but determined that the
research overall does not cross any bioethics boundaries

— Cho et al., 1999. Science 286: 2087-2090.

= Societal implications (ongoing)
o Synthetic Genomics: Risks and Benefits for Science and Society
 15-month study, funded by the Sloan Foundation
 Focus on bioterrorism and environment, health, and safety
 Partners
— Policy Center, Venter Institute

— Homeland Security Program, Center for Strategic &
International Studies

-~ Synthetic Biology Group, Massachusetts Institute of
Technology

J. Craig Venter
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