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Early Synthetic Biology — Domestication of Maize

LN Natural Variation

—

Artificial Selection

Teosinte seeds in their “husk”
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Early Synthetic Biology — World-Wide
Domestication of Plants

MNata: The pomter kkoations ndicate ganaral regions whers crogs ar believed to have first baan
domesticated. Im some cases, the centar of origin is wneartain, Other geographic regions also
harbor imporant genstic diversity for these crops.

Sourae: This map was developed by the Ganaral Accounting Oflise usng data provided by tha
Matichal Plant Germplaam System's Plant Exchange Cifics. . .
J. Craig Venter
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More Knowledge — Better Engineering Approach

Progressin Synthetic Biology is defined by the shifting of life-manipulation
from the undefined to defined productsand techniques.

(fast, powerful, but (slow, limited in scope,
requires substantial — but requires little or no

biological knowledge) biological knowledge)

Wholly Wholly
Defined Undefined
Custom Custom
Biological Biological
Systems Systems

A A A A

Distributed Genome Targeted DNA Cross Hybridization + Natural Variation +

Manipulation Manipulation Artificial Selection Artificial Selection

J. Craig Venter
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Human Insulin: Synthetic Biology’s 1st drug

Bacterial cell lacZ gene Human
N (lactose cell
~ W, breakdown) :

€) Isolate plasmid DNA
and human DNA.

> Restriction
site

amp® gene gacterial
(ampicillin -~ plasmid Gene of
resistance) interest

) Cut both DNA samples with ‘ : f:,i;::y 5\““} Insulin
the same restriction enzyme. O o gene

€) Mix the DNAs; they join by base pairing.
The products are recombinant plasmids
and many nonrecombinant plasmids.

Recombinant DNA plasmids

) Introduce the DNA into bacterial cells
that have a mutation in their own lacZ

gene.

J. Craig Venter
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Gene Synthesis is Getting Easier, Cheaper

1,000,000

100,000

Size 10,000
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project
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gene +
f plasmid
tRNA
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Year of publication J. Craig Venter’
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Production of Artemisinin Precursor Iin Yeast

Simple sugar
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“Production of the antimalarial drug

precursor artemisinic acid in engineered
yeast “

ZJ.D. Keasling et al. Nature 440, 940-
943 (13 April 2006)

H i

Artemisinin

J. Craig Venter
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Whole Genome Engineering

Strategy for reassigning all 314 TAG codons to TAA in E. coli.

MG1655
E. coli

Recoded
E. coli

Small-scale Large-scale
=P Genome Engineering =P Genome Engineering

0

-.»

1-2

4T

1-4

1-32

[ J L}
| | - - CAGE :

] ! ] = .

4.6 MB @ @ > > @
g 25-32
—_ > 29-32 AprfA
@ @ 31-32 Hierarchical assembly of codon
mutations in a single strain

Divide 314 TAG TAG:: TAA

143 kb —» 287 kb —»575kb —» 1.15MB --» 2.3 MB--» 4.6 MB

targets into 32 regions Codon Changes

J. Craig Venter
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Application of Engineering Principles to

Synthetic Biology

Tom Knight, Randy Rettberg, Drew Endy....

Construct biological systems that have medical,
Industrial and scientific applications via
engineering principles.

* Hierarchical Design

* Modular Reusable Parts

* [solation of Unrelated Functions

e Standard Interfaces J. Craiq Venter”
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Registry of Standard Biological Parts

Browse parts by type

Catalog
e

-

1)

List

iii

Promoters (?): A promoter is a [
of the downstream DNA sequency
Ribosome Binding Sites (?): A
can bind and initiate translation.

Protein domains (?): Protein doj
a protein coding sequence. Soms
the protein for cleavage, or enablg

Protein coding sequences (7):
Mote that some protein coding se
protein from start codon to stop ¢
also included here.

Translational units (7): Translat
They begin at the site of translatid
codon.

Terminators (?): A terminator is
causes transcription to stop.
DNA (?): DNA parts provide functi
spacers, recombination sites, con
Plasmid backbones (?): A plasn
base pairs that replicate within th
plasmid sequence beginning with
and ending with the BioBrick prefij
Plasmids (?): A plasmid is a circ
that replicate within the cell inde
propagate or assemble plasmid b
Registry that are only available as
that these plasmids largely do noj

Primers (?): A primer is a short s
sequencing. Although primers arg
sequences here.

Composite parts (7). Composite

Browse parts and devices by chassis

Unless otherwise specified, most parts in the Registry

Catalog List
oy
& (B
-

Escherichia coli {?): Most parts in
Yeast (?): Yeast are simple eukany
Bacteriophage T7 (?): Bacteriophf

Bacillus subtilis (?): Bacillus subt

Browse devices by type
We're in the process of developing new suj

-ﬁ— Protein generators (7):
—@- Reporters (?):

= Inverters (?):

—|"}— Receivers and senders (7):

-@- Measurement devices (7):

Tom Knight, Randy Rettberg, Drew Endy

Browse parts and devices by function

This section replaces the previous Featured paris pages.

Biosynthesis: Parts involved in the productiol

Cell-cell signaling and quorum sensing:

Cell death: Parts involved in killing cells.

Coliroid: Parts involved in taking a bacterial

Conjugation: Parts involved in DNA conjugal

Motility and chemotaxis: Parts involved in

Odor production and sensing: Parts the p

DHA recombination: Parts involved in DNA

Viral vectors: Parts involved in the producti

OuGHaeEGE.

J. Craig Venter

BioBricks Foundation (http://partsregistry.org/Catalog) 1~ s 7 11 v 1 €



Synthetic Genetic Edge Detection

A Mask in vivo in silico

Photography

J. Craig Venter
Tabor et al. (2009) Cell 137, 1272-1281 I'NSTITUTE




More Knowledge — Better Engineering Approach

Progressin Synthetic Biology is defined by the shifting of life-manipulation
from the undefined to defined productsand techniques.

(fast, powerful, but (slow, limited in scope,
requires substantial — but requires little or no

biological knowledge) biological knowledge)

Wholly Wholly
Defined Undefined
Custom Custom
Biological Biological
Systems Systems

A A A A

Distributed Genome Targeted DNA Cross Hybridization + Natural Variation +

Manipulation Manipulation Artificial Selection Artificial Selection
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DNA synthesis Is getting easier, faster, and

cheaper

'S $100.00
o
0
$10.00 -
S $0.20 / bp
o
o $1.00
2
G $0.10 -
S
O g001

1999 2004 2009 2014

Year J. Craig Venter’
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Moving Life into the Digital World and Back

Synthetic Genomics

Genomic

DNA
— 0 —

Natural Cell

Sequence

DNA Sequence

Databases

Resolution
@-69-0-(0
Synthetic Cell  Transplantto  Synthetic ~ Genome DNA Genome
Recipient Cell  Genome  Assembly in Synthesis Design
Yeast

S
GenBank
(USA)

EMBL
(Europe)

DDJB
(Japan)

CAMERA

Metagenomic
Database

(USA)

—

J. Craig Venter
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Approach Used to Create a Synthetic Cell

Assemble overlapping synthetic
oligonucleotides (~60 mers)

Recipient cell Synthetic cell

v
v \ ¥

——— Cassettes (5-7 kb)

Assemble cassettes by
homologous recombination

 /
Genome
—> Transplantation
\J

Completely assembled
synthetic genome

: J. Craig Venter
Genome SyntheS|S I' NS T I TUTE




It Makes Sense to Start with a Natural Genome

| «— ¢X174 (5.4 kb)

| «— Poliovirus (7.5 kb)

B «—— bat SARS-like coronavirus (29.7 kb)

Il <—— Polyketide synthase gene cluster (31.7 kb)

- E. coli (4640 kb)

1 «— M. genitalium (583 kb) J. Craig Venter”
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Assembly of a Synthetic M. genitalium Chromosome

small pieces of DNA (50 nts) — genome (580 000 bp)

1
o 141421 2 37,
0! 51,

123456 7]|8]|9](10(11|12(13|[14|15|16 ..'9

17(|18(|19|[20(|21||22|[23||24|/25|/26]||27||28][29||30(|31||32

331(|34||35||36||37]|381(|39||40||41||42||43||44|45||46|47 |48 |\/|_ gemta“um

49(150]|[51||52(|53||54||55(|56|[57||58(||59(|60|/61|62|63| 64 580 kb

65|/66||67(68|[69| 70| 71||72| 73| 74|[75]||76| 77| 78| 79|80

81||82||83(|84||85|/86(|87(|88|[89(90(|91|{92|93||94|/95||96

971/981/99||100|{101

Start End

101 cassettes Complete genome
Each ~6 kb

Made commercially

J. Craig Venter
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In Vitro Genomic Assembly

Many short segments of DNA with overlapping ends

Add:

*T5 exonuclease

*Phusion DNA polymerase

*Taq Ligase

*Phusion buffer + dNTPs + PEG
Incubate 50 °C 30 minutes

l

One large target sequence J. Craig Venter
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In Vitro Genomic Assembly

GTCTCTTGTCAGACTAGACGATGACTGATCGTCAGTGAAACCTACGAATCCG 3'
CAGAGAACAGTCTGATCTGCTACTGACTAGCAGTCACTTTGGATGCTTAGGC &'

3 GTCACTTTGGATGCTTAGGCAGTCTCTTGTCAGACTAGACGATGACTGATCG
5' CAGTGAAACCTACGAATCCGTCAGAGAACAGTCTGATCTGCTACTGACTAGC

T5 Exonuclease Degrades 5' ends

J. Craig Venter
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In Vitro Genomic Assembly

GTCTCTTGTCAGACTAGACGATGACTGATCGTCAGTGAAACCTACGAATCCE 3
CAGAGAACAGTCTGATCTGCTACTG 5’

3 GTCACTTTGGATGCTTAGGCAGTCTCTTGTCAGACTAGACGATGACTGATCG
5' AGTCTGATCTGCTACTGACTAGC

single-stranded 3' ends can now anneal

J. Craig Venter
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In Vitro Genomic Assembly

i B
4 A, | "The Gibson Assembly Song"
The Cambridge iGEM Team for 2010
http://www.cambridgeigem.org
http://www.gibthon.org

http://www.youtube.com/watch?v=WCW,jJFU1be8

RN ]

AN TSaid WHEBEHBHHG bsoff Alsembly:

GTCTCTTGTCAGACTAGACGATGACTGATCGTCAGTGAAACCTACGAATCCGTCAGAGAACAGTCTGATCTGCTACTGACTAGC
CAGAGAACAGTCTGATCTGCTACTGACTAGCAGTCACTTTGGATGCTTAGGCAGTCTCTTGTCAGACTAGACGATGACTGATCG

Phusion DNA polymerase extends the 3' ends to fill
in the single stranded region.

Taq Ligase closes the remaining knicks.

J. Craig Venter

I' NS T 1 TUTE




In Vivo Genomic Assembly

\A\g Not?smsljlot I i

J. Craig Venter
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Assembly of M.genitalium Genome

kb —>» 24kb —» 72kb — 144kb —> —> —> 580kb

1-4 -
5-8 [ 112 |
9-12 -
13-16 - :| 1-24
17-20 [ 1324 |
2124 | -
2528 - yeast
29-32 [ 25-36 |
33-36 | -
o [ - ] 25-49
] e |
o ae49 | d
5053 |- [Veast Vector ] 1-101
54-57 [ 50-61 | ~ ,
58-61 | - N
62-65 - [50-77a] [50-77B | n———
66-69
5 62-77
74-77
78-81 | 7
82-85 78-89 |
86-89 | - T
5055 - :| 78-101
94-97 [ 90-101 |
98-101 | -
Chemical | 1/25 — 1/8 —> 1/4 1 —>Who|e,
Synthesis Y |

J. Craig Venter
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Approach Used to Create a Synthetic Cell

Assemble overlappinggs etic

oligonucleotides (~£

2r'S)
Recipient cell Synthetic cell

\ ¥

Cassettes (5-7/0

Assemble ca
homologous

tes by
ombination

Genome

Transplantation

~
Completely assembled
synthetic genome

: J. Craig Venter
Gerome Synthesis




Whole Genome Transplantation

Mycoplasma genitalium Mycoplasma pneumoniae

J. Craig Venter
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Whole Genome Transplantation

Mycoplasma mycoides LC(capri)  Mycoplasma capricolum

-> .
Melt plug, Selection
and incubate
M. mycoides
DNA with M.
capricolum
cells in PEG

and Ca++

Naked M. mycoides Cells with both M. Cells with only an M.

M. mycoides cells _ _
suspended agarose genomes suspended mycoides and M. mygpﬂg%m@me

plug agarose plug capricolum genomes IS, o T



Putative Transplant Phenotype

colony tetR, blue, diameter ~1mm, after 3to 5 days at 37°C

M. mycoides colonies?

Successful transplants!!

Transplant characterization

Phenotypic Analysis Genotypic Analysis
Blue tetR colonies PCR

Colony-blot Southern blots

2-Dimentionel gel electrophoresis Genome sequencing



Approach Used to Create a Synthetic Cell

_ __ _ Assemble overlappingg
— T 77 oligonucleotides (~§

etic

2r'S)

cell

‘O

Recipient cell Synj

v
v \Y

Cassettes (5-7,
L/

Assemblq N tes by
homo¥RIE  Combination

;V

o
f

ome
antation

Completely assembled

synthetic genome
Geriome Synthesis

J. Craig Venter
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Methods for Cloning Bacterial Genomes In Yeast

Transformation: insertion

of yeast vector into Succesful Examples

bacterial genome 1. M. genitalium
Isolation .
2. M. mycoides LC
A §——> > 3. M. pneumoniae
4

. M. genitalium & M. mycoides LC

Whole genome, linearized, and
a separate yeast vector

Cotransformation

B o, —)- M. genitalium

Overlapping DNA fragments
(natural or synthetic)
and a yeast vector

* "™ 4% Cotransformation

Sy L 6 pieces
— "rf J. Craig Venter’
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Whole Genome Transplantation

Mycoplasma mycoides capri... |
IN YEAST Mycoplasma capricolum

-> -> -> ->
Erotemase eth Iate Melt plug, and Selection
& incubate M.

D d mycoides DNA

Yegra € with M.

D(le\la:t capricolum cells

in PEG and Ca+

M. mycoides cells Naked M. mycoides Cells with both M. Cells with only an
suspended agarose genomes suspended mycoidesand M. J, WWWH?@V

plug agarose plug capricolum genomes;, genome [+



Approach Used to Create a Synthetic M.mycLC Cell

Assemble overlapping synthetic
oligonucleotides (~60 mers)

Recipient cell Synthetic cell

v
v \ ¥

——— Cassettes (5-7 kb)

Assemble cassettes by
homologous recombination

 /
Genome
—> Transplantation
\J

Completely assembled
synthetic genome

: J. Craig Venter
Genome SyntheS|S I' NS T I TUTE




Creation of Synthetic M.mycLC Cell

Elements for yeast propagation
and genome transplantation

*
*
*

WT
syn1

700 bp—=— - —\WM4
500 bp—: - —\WVM3

300 bp—=  ==—WM2

Oligonucleotide
Synthesizer

Oligonucleotides -
, S 1_@9@

1,080 bp cassettes (1,078)
(Assemble109X)

. E _ F
, b bli (&) [7)] (&) [}
— 800,000 (.Inzge?n?blep‘:;fem tes (109 < @& < a2
- N D
100,000 b blies (11)
(Assemble&)assem e el
Ascl 728 kb —
s¢ v 1,077,947 bp 4 -1
631 kb —
534 kb — -0
437kb— = S
340 kb — ==
243 kb — 2'
BssH Il 146 kb — -8 9
48.5kb — mm 10

J. Craig Venter
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Creation of a Bacterial Cell Controlled
by a Chemically Synthesized Genome

Daniel G. (.iibscm,1 John L. Glalss,,1 Carole Lartir_.;ua-,1 Vladimir N. l‘.loskmlr,,1 Ray-Yuan Chuamg,1
Mikkel A. Algire, Gwynedd A. Benders,? Michael G. Montague,® Li Ma,* Monzia M. Moodie,?
Chuck Merryman,* Sanjay Vashee,® Radha Krishnakumar,® Nacyra Assad-Garcia,*

Cynthia Andrews-Pfannkoch,® Evgeniya A. Denisova,® Lei Young,® Zhi-Qing Qi,*

Thomas H. Segall-Shapiro,* Christopher H. Calvey,! Prashanth P. Parmar, Clyde A. Hutchison 111,
Hamilton 0. Smith,? ]. Craig Venter™2*

We report the design, synthesis, and assembly of the 1.08—mega—base pair Mycoplasma mycoides
JQVI-syn1.0 genome starting from digitized genome sequence information and its transplantation
into a M. capricolum recipient cell to create new M. mycoides cells that are controlled only by the

synthetic chromosome. The only DNA in the cells is the designed synthetic DNA sequence,
including “watermark” sequences and other designed gene deletions and polymorphisms, and
mutations acquired during the building process. The new cells have expected phenotypic properties

and are capable of continuous self-replication.

the complete genetic sequence of phage

©X174 (), the first DNA genome to be
completely sequenced. Eighteen years later, in
1995, our team was able to read the first complete
genetic sequence of a self-replicating bacterium,
Haemophilus influenzae (2). Reading the genetic
sequence of'a wide range of species has increased
exponentially from these early studies. The
ability to rapidly digitize genomic information
has increased by more than eight orders of mag-
nitude over the past 25 years (3). Efforts to un-
derstand all this new genomic information have
spawned numerous new computational and

In 1977, Sanger and colleagues determined

We developed a strategy for assembling viral-
sized pieces to produce large DNA molecules that
enabled us to assemble a synthetic M. genitalium
genome in four stages from chemically synthe-
sized DNA cassettes averaging about 6 kb in size.
This was accomplished through a combination of
in vitro enzymatic methods and in vivo recombi-
nation in Saccharomyces cerevisiae. The whole
synthetic genome [582,970 base pairs (bp)] was
stably grown as a yeast centromeric plasmid
(YCp) (7).

Several hurdles were overcome in transplanting
and expressing a chemically synthesized chromo-
some in a recipient cell. We needed to improve

crude M. mycoides or M. capricolum extracts, or
by simply disrupting the recipient cell s restriction
system (&).

We now have combined all of our previously
established procedures and report the synthesis,
assembly, cloning, and successful transplantation
of the 1.08-Mbp M. mycoides JCVI-synl.0
genome, to create a new cell controlled by this
synthetic genome.

Synthetic genome design. Design of the M.
mycoides JCVI-synl.0 genome was based on the
highly accurate finished genome sequences of two
laboratory strains of M. mycoides subspecies capri
GM12 (8, 9, 11). One was the genome donor used
by Lartigue ef al. [GenBank accession CP001621]
(10). The other was a strain created by trans-
plantation of a genome that had been cloned and
engineered in yeast, YCpMmycl.1-Anpelllres
[GenBank accession CP001668](&). This project
was critically dependent on the accuracy of these
sequences. Although we believe that both fin-
ished M. mycoides genome sequences are reli-
able, there are 95 sites at which they differ. We
began to design the synthetic genome before both
sequences were finished. Consequently, most of
the cassettes were designed and synthesized based
on the CP001621 sequence (/7). When it was
finished, we chose the sequence of the genome
successfully transplanted from yeast (CP001668)
as our design reference (except that we kept the
intact fypelllres gene). All differences that ap-
peared biologically significant between CP001668
and previously synthesized cassettes were cor-
rected to match it exactly (/7). Sequence differences
between our synthetic cassettes and CP001668
that occurred at 19 sites appeared harmless and so
were not corrected. These provide 19 polymorphic

J. Craig Venter
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Synthetic Biology/Synthetic Genomics Summary

Synthetic Biology is not really a new field

Several approaches for Synthetic Biology

More easy manipulation of whole genome

Has potential dual use

J. Craig Venter
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Technologies Used/Developed for Synthetic Cell

— DNA size
(bp) Mycoplasma mycoides
complete genome
1,000,000 - 1,077,947 bp
Mycoplasma genitalium
— complete genome
= 582,970 bp
3rd stage assemblies (4)
144 kb 2nd stage
assemblies (11)
100,000 ? 100,000 bp
2nd stage assemblies (8)
Mouse mitochondrial .
genome 1st stage assemblies (25)
16,299 bp 24 kb 1st stage
10.000 assemblies (109)
| Assembly Tools
3rd stage
assemblies (3)
— 5.6 kb DNA cassettes (101)
—_ 5-7 kb
2nd stage Ay
[1}] H - =
£ 1,000 3559’1“2'::;" L)) = : DNA cassettes (1,078)
= ) = = 1080 bp
—s z = AA
2 - =
© 1st stage == ==
g assemblies (75) = = = =
5 204bp i i
100 i i
DNA Multipl thods fi bli
oligonucleotides (600) uftipie m? ods tor ?ssef" ng
60 nt DNA oligonucleotides into
subassembly cassettes or genes.
1 . ™
o b. c J. Craig Venter

Mouse mitochondrial  Mycoplasma genitalium Mycoplasma mycoides I'N S TITUTE
genome



Secondary Metabolite Clusters

Natural Product Drugs from Organisms

Organism — Extract —_— Assay

ITFYT FRIIT T T=STE WGTewb i Fa™S At

FXTIT"FREIMENYANANL
PFPATITOLI. O Y
RS TR e, W I DM R T
IR RN

Abediraabarad fpan fragpes TFF P
ON  THE ANTIBACTERIAL  ACTION OF CULTURES OF A
PENICALLIUM, WITH SPRCIAL REFODRENCE TO THRIR
LSl IN THE ISOLATION OF B INFILOENZA,
ALEXANDER FLEMINCG, P ROS

Ehvouny Fle Daboradories ._}-" e Troewlafion I-l":i.:h.tr'f-lnozné, L 'a"fc-:r_li'l IIqsrriful‘ Londan .

Foczived for punlblicetion Moy LOEa, 1020,

J. Craig Venter
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Orphan Clusters

For "Sanger’ genomes alone
~20,000 clusters with no metabolite

Consarvad Domains (70 of ~400 shown)
=

: ”_-., ] F

A T"I__ )

:..HI-

pem’ §is =
-
T

I-r- *

-.'..*

TR
]
[
w
L | -
. !
|
[
Mo
L]

£

Complete genome sequence of the
model actinomycete Streptomyces
coelicolor A3(2)

S. D. Bentley", K. F. Chater ¥, A.-M. Cerdeno-Tdrraga®, G. L. Challist$, N. R. Thomson®, K. D. James*, D. E. Harris*, M. A. Quail*, H. Kiesert,
D. Harper®, A. Bateman®, 5. Brown®, G. Chandrat, C. W. Chen$, M. Collins*, A. Cronin*, A. Fraser*, A. Goble*, J. Hidalgo*, T. Hornshy",

5. Howarth®, C.-H. Huang%, T. Kiesert, L. Larke*, L. Murphy =, K. Dliver*, 5. 0"Neil *, E. Rabbinowitsch*, M.-A. Rajandream*, K. Rutherfard®,
5. Rutter”, K. Seeger”, D. Saunders -, 5. Sharp*, R. Sguares” , 5. Sguares ", K. Taylor-, T. Warren ", A. Wietzormek t, J. Woodward *, B. G. Barrell”,

J. Parkhill® & D. A. Hopwood *
MNATURE |VOL 417 |9 MAY h0E | wsnsnatore oo

222 2002 Macmillan Magazines Lid

141

Known products
SCO5071-5092
SCO5877-5898
SC03210-3249
SC02782-2785

~ predictable products
SC00489-0499
SCO7681-7691
SCO05314-5320
SC01206-1208
SCO00185-0191
SCO6759-6771
SC00124-0129
SCO6073

SCO6266

Unpredictable products
SC06429-6438
SCO06273-6288
SC06826-6827
SCO7669-7671
SCO7222
SCO05222-5223
SCO0O5799-5801
SCO1265-1273
SCO00381-0401
J. Craig Venter
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Structural Genes

Genomic DNA

gene cluster

- ATG to stop

D) B B 60 D s A




Transcription Promoters and Terminators

<|-|> ﬁ A&B <|-|> ﬁ

Plasmid & A homology added B&C

Stock templates
E[P_F ~400 synthetic terminator & promoter
combinations (streptomyces)
ATG to stop

D) N ) ) s A




One/two Step Assembly

(mate with S. lividans, insert at phage attachment site, induce expression)

Stock templates

D) N . ) S)I__C'

J. Craig Venter
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Evaluation of Product

Innoculate 200 nl Bacterial growth

rce of bacterial culture i Matrix Laser -
r*—L \ ¥
- .- . : C . —_

Step 3

Step 4

Screen colonies for metabolite
production by MALDI-IMS
UCSD

J. Craig Venter
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One/two Step Assembly

(mate with S. lividans, insert at phage attachment site, induce expression)

Initial attempts showed mis-assemblies

J. Craig Venter
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One/two Step Assembly

(mate with S. lividans, insert at phage attachment site, induce expression)

Solution

O

- /

Stock templates

D) N . ) PI__C'

 YeastSeq  S.lividans Seq J. Craig Venter
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Evaluation of Product

Innoculate 200 nl Bacterial growth

rce of bacterial culture i Matrix Laser -
r*—L \ ¥
- .- . : C . —_

Step 3

Step 4

Screen colonies for metabolite
production by MALDI-IMS
UCSD

J. Craig Venter
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Technologies Used/Developed for Synthetic Cell

Insertion of yeast vector Overlapping DNA fragments
into bacterial genome (natural or synthetic) and a

N yeast vector
"> 7
SN

Isolation /= 7’
Resolution a,
e
O Engineered bacteria ’\
O O Whole linear genome G enome
Genome with and a yeast vector

Recipient cell

ayeashe ( \ Transplantation
/

Transplantation Transformation‘ /

Methylation
O (if necessary) O
Isolation
O Aenome
engineering

J. Craig Venter
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CBPP — Main Bacterial Cattle Disease Iin Africa

Post-mortem lesions:

(1) Fluid in the thorax,
(2) Fibrinization of Lung

(3) Marmorization of Lung

Animals depressed, painful and difficult
breathing (dyspnea), fever, cough, nasal
discharge and anorexia

http://www.fao.org/docrep/003/t0756e/T0756E03.htm

CBPP is a highly infectious disease that affects cattle. It is

transmitted mostly by direct contact from droplets emitted by : ’
. : : . J. Craig Venter

coughing animals, saliva and urine. e ————




Distribution of CBPP Iin Africa

I Recorded cases of CBPP

Recorded cases of CBPP
= only in restricted areas

[ ] Norecorded cases of CBPP

J. Craig Venter
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Control of CBPP

* On-farm quarantine of exposed animals
* Slaughter of infected and exposed animals

* Proper disposal of animals and contaminated material

Method was effective for eliminating CBPP in
developed countries but not really possible in
developing countries

J. Craig Venter
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Control of CBPP

* Vaccination
- Low efficacy, protection for short periods of time
- Adverse reactions e.g. lesions, loss of tall

- Possibility of reverting to pathogenic strain (T1/44)

J. Craig Venter
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CBPP CAUSAL AGENT. Mycoplasma mycoides subsp. mycoides

(Mmm) (Mollicutes Class)

Archaea
Bacteria

. Bordienty
B-proteo-bacteria st

s s
:Krf%:‘é—“;c: .Mostly parasites of human, animals, or plants
17 M;*Eﬁ N .Small genome size with low G+C (24-30%)
T M,:%% o\ M e .Lack a cell wall
e "'@o b S K'_ ” .Lack several metabolic pathways
ffgg.y ":, = .UGA is Trp codons for most of them
e-proteo-bacteria —— P 93;%» B R .Fast-evolving bacteria

ey
3-proteobacteria . 3}? ?{;% :ﬁf §

‘Ag‘?&%;\ IS
BRANNC,
it G@‘@%% Firmicutes
Cyanobacteria —— ?ﬁ; §§§§ 15;5’3 ®

Chlamydiae —

Actinobacteria Cicarelli et al 2006 Science

Mollicutes have evolved from gram positive bacteria. These fast-evolving
organisms are mostly parasites of humans, animals and plants . Craig Venter
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BREAD: Toward Development of an Effective Vaccine

for Contagious Bovine Pleuropneumonia (CBPP)

Sanjay Vashee (P, Carole Lartigue (Co-Pl)?, Joerg Jores (Co-PI)3, Alain
Blanchard?, Vishvanath Nene3, Pascal Sirand-Pugnet?, John Glass!

1J. Craig Venter Institute, Rockville, MD 20850 USA, 2 National Institute for
Agronomical Research, Bordeaux, France, 2 International Livestock Research
Institute, Nairobi, Kenya

J. Craig Venter
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Aim 1. Characterize the pan genome of the mycoides cluster to

identify target virulence genes.

Mycoides Cluster: Species Infecting Ruminants

Cattle

‘‘‘‘‘‘‘‘‘‘

100

M. mycoides subsp. Goats m = v —_—
capri —_
N=36 Sheep

(Large Colony)

100

Cattle

Goats R =
Sheep

J. Craig Venter
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Aim 1. Characterize the pan genome of the mycoides cluster to
identify target virulence genes.
Genome sequencing using Next Generation technologies

Virulence
factors

specificity

Understand
Organism
(host-
pathogen
interaction)

J. Craig Venter
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Aim 2. Adapt the JCVI synthetic biology tools to Mmm at INRA

and transfer the technology to ILRI in Africa.

Insertion of yeast vector Overlapping DNA fragments
into bacterial genome (natural or synthetic) and a l L R I

‘ yeaSt VeCtOr INTERNATIONA
ﬁ LIVESTOCK RESEARCH
Inmtitst Natissal de la Recherche Agronomigan _— ' INSTITUTI
17>
A AN
Isolation
Resolution 0,.
rs
O Engineered bacteria ’\
O O Whole linear genome

Recipient cell Genome with and a yeast vector

a yeast vector O
Transplantation Transformation‘ / /

Methylation
O (if necessary) O
Isolation
O Aenome
engineering

J. Craig Venter
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Aim 2. Adapt the JCVI synthetic biology tools to Mmm at INRA

and transfer the technology to ILRI in Africa.
Cloning Mmm Genome in Yeast

Insertion of yeast vector Sbf 1
into bacterial genome

Isolation \§,
Resolution
v” '..4;'1"
Engineered bacteria BssHIl <y
O 731,386pb
<::) (YCp)

BssHII
‘31, (261,359)

Mmm PG1

1211730 bp
(tetM, lacz, YCP)

Clone 3A

- Genome with S
Recipient cell a yeast vector Qf
Transplantation Transformation 1,600 - -1,200 kb
1,100 -
Methylation S750kb
O (if necessary)
O -470kb

Isolation

O /Benome
engineering J. Craig Venter”
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Aim 2. Adapt the JCVI synthetic biology tools to Mmm at INRA

and transfer the technology to ILRI in Africa.
Cloning Mmm Genome in Yeast

Yeast transformants

Analysis of Yeast Clones by Multiplex PCR and PFGE e

Band
291 pb

Mmm PG1

1211730 bp
(tetM, lacZ, YCP)
Clone 3A

<

s &9

K & oo

S R

N Q(') "
‘g,* & Yeast transformants
£

S

K 8 9 10 11 12 13 14 15 16 17 18 19 20

(+) (+) HEH [ HEHE (+) (+) ()

12 positive clones out of 20

->1,600 kb

-750kb

-470kb

Notes:

- Marker S.c.: marker Saccaromyces cerevisae
- AFR: a cocktail of 3 enzymes (AsiSl, Fsel, Rsrll)
that cut yeast gDNA but not Mmm genome

- BssHII: enzyme that cut Mmm genome twice

Current Mmm Strains in Yeast

O PGL O T1/44

J. Craig Venter

I' NS T 1 TUTE




Aim 2. Adapt the JCVI synthetic biology tools to Mmm at INRA

and transfer the technology to ILRI in Africa.
Genome Transplantation

| M. mycoides subsp. mycoides (Mmm) %? W

‘ M. mycoides subsp. capri (Mmc)
M. capricolum subsp. capripneumoniae (Mcc)
M M. capricolum subsp. capricolum (Mcap) ¢
' M. leachii (Mlea) J
— M. yeatsii

M putrefaciens (Mpu)
— Me. florum

S. Cltrl Insertion of yeast vector PO S I t I Ve Res u |tS

into bacterial genome . .
‘_._,g_ Donor DNA | Recipient cell
Donor (Mmc)
Mmc

kf’ Groupe
mycoides

Isolati
ResollV ., \Soamn M, Cap
*
Engineered bacteria * oo
‘0 M. leachii M. cap
N M. putrefaciens M. cap
tTransplantaton Transformation
D Methylation
O (if necessary)

@) Mmc M. leachii
\ 5 o J. Craig Venter
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Aim 3. Establish a caprine model for pulmonary mycoplasma

Infections using the closely related pathogen Mmc.

- Mutagenesis of Mmc virulence genes, characterization of Mmc mutants in vitro
- In vivo testing of Mmc mutants using a goat infection model

Use yeast genetic tools on O Mmc

Resolutioy

I - Recipient cell
CORE3
Transplantation

l Transformation

SD-URA QL) retmyater,
— B cores B \
O

l Pop-out of Core

- J. Craig Venter
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Aim 3. Establish a caprine model for pulmonary mycoplasma

Infections using the closely related pathogen Mmc.

— Mutagenesis of Mmc virulence genes, characterization of Mmc mutants in vitro
- In vivo testing of Mmc mutants using a goat infection model

Current Status

« Over 40 genes removed
so far from Mmc.

J. Craig Venter
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Aim 3. Establish a caprine model for pulmonary mycoplasma

Infections using the closely related pathogen Mmc.

- Mutagenesis of Mmc virulence genes, characterization of Mmc mutants in vitro I I_ I
- In vivo testing of Mmc mutants using a goat infection model

J. Craig Venter
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Aim 4. Expand mycoplasma toolbox using Mmc as a model to

enhance our capacity to produce modern Mmm vaccines.

A. Expression of heterologous genes in Mmc and Mmm to enhance
vaccine potential.

B. Design an Mmc strain that has a defined life-span or a kill switch.

J. Craig Venter
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Construction of TS Bacterial Vaccines

Essential genes from Arctic bacteria used to construct
stable, temperature-sensitive bacterial vaccines

Barry N. Duplantis®, Milan Osusky?, Crystal L. Schmerk® Darrell R. Ross®, Catharine M. Bosio®, and Francis E. Nano™"

_-. 2Department of Biochemistry and Microbiology, University of Victoria, Victoria, BC, V8W 3P6 Canada; and PLaboratory of Intracellular Parasites, Rocky
Mountain Laboratories, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton, MT 59840

that leads to lower enzyme stability, such as fewer salt bridges

‘ All bacteria share a set of evolutionarily conserved essential genes
that encode products that are required for viability. The great  between protein domains, can be found in psychrophilic enzymes.
- diversity of environments that bacteria inhabit, including environ- The introduction of mutations that make an essential gene
nroduct temnerature-sensitive ( TSY renders the host oreanism TS.

ments at extreme temperatures. nlace adaptive pressure on essential

* Replace ligase, select cell division or molecular
chaperone gene of target organism with counterpart

gene from psychrophilic organism.

J. Craig Venter
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Construction of TS Bacterial Vaccines

Resolutioy
Engineered bacteria

Recipient cell

tTransplantation

Methylation
O (if necessary)

w

J. Craig Venter
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Use yeast genetic tools on O




Method: Modified TREC

Example: Replacement of Mmc dnaA gene with that of M.cap dnaA
Mmc

rmpH

CORE®b

Scel
enzyme

Scel
enzyme

-control

©
Yeast colonies: 4 5 6 7 M §

0.5kb 4 5677 M J. Craig Venter




Method: Modified TREC (cont’d)

Mcap dnaA

l, Select on Kan

Mmc - oH Scel
P enzyme
Select on 5FOA against URA3
Mmc/Mcap y4,aa
Yeast colonies: M 1 2 3 4 5 1F 5R 3 2R M1 2 3 4 5 J.Craig Venter’
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Method: Modified TREC (cont’d)

Genome
Transplantation

ReSOILV

O Engineered bacteria

Recipient cell

tTranspIantation

Methylation
O (if necessary)

w

J. Craig Venter
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Aim 4. Expand mycoplasma toolbox using Mmc as a model to

enhance our capacity to produce modern Mmm vaccines.

A. Expression of heterologous genes in Mmc and Mmm to enhance
vaccine potential.

B. Design an Mmc strain that has a defined life-span or a kill switch.

F—€raigenter
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Aim 4. Expand mycoplasma toolbox using Mmc as a model to

enhance our capacity to produce modern Mmm vaccines.

 Cre-Lox system: testin Mmc

Transform with
Cre-PuroM
plasmid

Select with
Tet+Puro

M.mycLC with M.mycLC without
mCherry mCherry

M.mycLC + mCherry M.mycLC

g i

/mCherry + Cre

BF + Light

Rhod + UV

J. Craig Venter
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BREAD Recap

« Rational approach
using newly developed
technologies to
produce a number of
candidate vaccine
strains

J. Craig Venter
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J. Craig Venter
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Final Points

» Synthetic Biology is a powerful approach against
Infectious diseases.

» It can be used to identify new antimicrobials.
» There are applications for vaccines, both animal and human

» Work on computational tools for genome and pathway
design is urgently needed.

» There has never been a more exciting time to be a biologist.

J. Craig Venter
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It Takes a Village to Create a Cell

eAlgire, Mikkel
eAlperovich, Nina
eAssad-Garcia, Nacyra
eBaden-Tillson, Holly
eBenders, Gwyn
eChuang, Ray-Yuan
eDai, Jianli

eDenisova, Evgeniya
eGalande, Amit
eGibson, Daniel
eGlass, John
eHutchison, Clyde
elyer, Prabha

eJiga, Adriana
eKrishnakumar, Radha
elartigue, Carole

*Ma, Li

*Merryman, Chuck
*Montague, Michael
*Moodie, Monzia
*Moy, Jan

*Noskov, Vladimir
*Pfannkoch, Cindi
*Phang, Quan

*Qi, Zhi-Qing
*Ramon, Adi
®*Saran, Dayal
*Smith, Ham
*Tagwerker, Christian
*Thomas, David
®*Tran, Catherine
*Vashee, Sanjay
*Venter, J. Craig
*Young, Lei
®Zaveri, Jayshree

®Johnson, Justin
*Brownley, Anushka
*Parmar, Prashanth
*Pieper, Rembert
*Stockwell, Tim
*Sutton, Granger
*Viswanathan, Lakshmi
*Yooseph, Shibu

Ethical Considerations

*Michele Garfinkel
*Robert Friedman

Funding from

Synthetic Genomics Inc.
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DOE GTL program
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Clusters Personnel

JCVI (Clusters)
Chuck Merryman
Carissa Grose
Monica Gonzalez
Mikkel Algire

NIAID
Maria Giovanni

J. Craig Venter
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BREAD Personnel

ILRI

A4 INTERNATIONAL
Institut National de la Recherche Agronomique LIVESTOCK RESEARCH

J. Craig Venter
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INSTITUTE
JCVI (MD, USA) INRA (France) ILRI (Kenya)
= Suchismita Chandran _
= Sanjay Vashee = Carole Lartigue n qurg Jor.es
= Ray-Yuan Chuang - Anne Lebaudy = Elise Sch_l_eck (BM2)
= LiMa = Alain Blanchard = Paul Ssajjakambwe
= Nacyra Assad-Garcia = Pascal Sirand-Pugnet
= Sheetala Vijaya
= Caitlyn Whiteis
= John Glass
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