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Reading & Writing Genomes Goals

 2nd Generation BI/O: Reading & Writing
Engineer cancer- & virus-resistant genomes

*Personal Genomes — Integration tasks
- Personal Genomes: Environments, Tralts,
- Stem cells, Microbiome/Immunome
- Synthesis for Causality (CEGS)



How &why genome engineering for chemicals?

Engineering # genes Scale Application

Genetic 1-2 Plasmid Protein drugs
Genome 1-2 Chromosome Mutant models
Metabolic  2-30  Pathway Chemical production
Code 300-all Genome Multi-virus resistance

Safety, new AA
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Engineering Life

Interoperable parts
Hierarchical designs

CAD
Cost effectiveness PalzA7=1:))s
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How &why genome engineering for chemicals?
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Clostridium phytofermentas Cellulase
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Biofuels from advanced microbiology
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Bio-petroleum from microbes
flotation -- not distillation
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Comparative + Structural Genomics Success

A B
/\/\W\H/AGP
Fatty Acyl-ACP ||
NAD(P)H
NAD(P)+ )l Acyl-ACP Reductase
%
cO ~/‘Aldehyde Decarbonylase C D
Y122 E204
i E238
I
H76  H160 o Heat
Prochlorococcus  E. coli
Aldehyde Ribonucleotide

Microbial Biosynthesis of Alkanes.
Schirmer, et al. Science 2010
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Joule : fuel from phototrophs

e Achievements:
— 40% of theoretical maximum productivity of organism

o Ethanol @ 10,000 gal/acre/year (target 25,000)

— Discovery of unigue genes and pathways for
hydrocarbon diesel production

— First-ever secretion of diesel from a phototroph
— Ability to partition
majority of carbon to
product via carbon switch




Reading & Writing Genomes:
First semi-synthetic plasmid 1978: $10/b
CGI Human diploid genome 2009: $1500 / 6Gb

. (=7 logs/30y mostly since 2005)
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*Hepatitis B vaccine

NAR 1978 (Amgen, Biogen, Genentech, etc)

Sutcliffe & Church
(BR:Bolivar & Rodriguez) 10



40,000-fold
In 4 years

(Moore’s law)
1.5x/yr for
electronics

VS
10x/yr for DNA
Sequencing

10000000 -

$/genome (30X)

2010 $1500 (CGI) :
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2004-7: $70M (ABI)
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>20 years ahead of the 1970-2004 exponential
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Moore’s law =1.5x/yr

vs 10x/yr 1000000 - 24Mb 30kb/$
100000 —— 4 SDNA N
10000 —=—Oligos
15t-generation o seatel
Gene synthesis 10 N v
VS 1
2nd-generation Ooo'i
Seqguencing 0001
& DNA synthesis 0.0001 V4
0.00001 /
0.000001

1980 1990 2000 2010
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2nd-generation sequencing technologies

1. Hlumina-GA SbP Fluorescent read-length 2*110 bp

2. AB-SOLID SbL Longest ligation reads

3. CGl SbL $2000 genome, rolony grid, 100Kb haplotypes
4. Polonator SbL/P Open-source, $170K device, 100Mb haplotypes
5. Roche-454 SbP Long reads (>0.4 kb)

6. Helicos SbP-sm High parallelism & guantitation

7. lon Torrent SbP $50K, small device

8. Pacific Bio SbP-sm Long reads (>2.0 kb)

9. Intelligent Bio SbP hexagonal grid

10. GnuBio SbP-picoliter droplets

11. Halcyon EM-sm Long reads (>Mb), $100 genome

12. Genizon BioSci
13. LightSpeed

14. Bionanomatrix
15. OxfordNanopore

SbH in situ sequencing

SbL 16X higher density, >10X speed
SbP-sm Fluorescent mapping
Pore-protein-sm small device

16. Visigen SbP-sm Pol <>dNTP FRET
17. ZS Genetics EM-sm lodine labels

18. Nabsys Pore-SbH-sm small device
19. GE Global SbP-sm

20. IBM Pore Si-sm small device

21. Electronic Biosci

Polonator

Pore-protein-sm



2"d-Gen Gene Synthesis: chips -
$500 per 15Mbp \

Dlgtlﬂf Micromirror Array

8K Xeotron Photo-Generated Acid B =
12K Combimatrix Electrolytic =~ "o = 7=
120K Roche, Febit Photolabile 5'protection "
244K Agilent Ink-jet standard reagents ~ reon u P

4 chip technologies: Amplify oligo o Chp beig
pools with flanking universal primers

4 Paths to error correction

1.Hyb-Select: Tian et al. 2004 Nature
2. MutS: Carr & Jacobson 2004 NAR ‘ ) :
3.MutHLS: Smith & Modrich 1997 PNAS = 3 LT
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Selection tier |: annealing and ligation
at stringent condition

=

l Selection tier |I: degradation of error-rich

uncircularized DNA using exonucleases

Selection tier lll: remowval of error-rich DNA
using mismatch cleavage endonuclease

Vi

4 Paths to error
correction
#4 . Bang

Nat Meth. 2008

o

PCA ngahmh Ligatlc:n ngaimn
Exo mix Exo mix

EndoV

S @ 3

Errors par 10,000 bp
T

=
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Coalescence of 2" Generation of DNA reading & writing

Dpta

Oligonucleotide-Design

Y
"perfect™ part
Write Read Select
sl oligo sort pick | PCR
= B e 25 e VWY
P _'% lify || selectm place
- amp
Roche/454 multiwell plate
Polonator —
Agilent OLS
sp;lrtrh?;is Polonator Rolony
y flowcell Photorelease




From open-access Sequencer to Bio-Fab

1. Select ‘perfect part’ sequences | B oo
2. Device characterization \
3. Cell sorting (FACS) —

Prajection System

Flow- cell
billion beads or

0
cells/run I

T [ [
) 4
Photo-labile = o
Immobilization
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oligos eluted — = plate-specific priming sequences
off the array e e

oligos synthesized on
a microarray

amplified

v

MW
/.

— T T —
— T ; — T T
plate 1 oligo pool (double-stranded) plate 2 oligo pool (double-stranded) plate 3 oligo pool (double-stranded)

assembly-specific
pools amplified

—

assembly-specific pool (double-stranded)

A exo/USER/Dpnill
processing

Type lIs restriction
enzyme processing

I I
] I
[ —— I I
L] |
processed assembly-specific pool (single-stranded) processed assembly-specific pool (double-stranded)

PCR assembly

assembled product

Enzymatic Error
Correction

plate-specific pools : assembly-specific priming sequences

2"d Gen
Assembly
from 2.6 MDb

raw oligos

Kosuri
Eroshenko
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4 Protein/RNA-directed recombination strategies

X2

1. Integrase/recombinase "" .
MGateway) "\ 7 ..

Synaptic

eeeee ) K=
»C31, Cre-ldpl._arm\ \\

P2

Introns

3. Meganucleases
Scel, Drel

2. Pyleetal. 3. Mol Cell. Chevalier, et al. 4. Mol Cell. 2003 Aihara, et al. 20



4 DNA homology-directed strategies WYSS§INSTITUTE

o

#1: ds-Circle x Circle

2 step recA+ recombination
Select + counterselect

Link et al J. Bact 1997
(Open-access)

#3: ss-90mer x ds-Circle

Costantino &Court PNAS’03

Wang et al., Nature '09

7

#2: ds-Linear x Circle

1 step 5’>3’exo Reda/E b/T

Select

Zhang et al Nat.Gen 1998 Yu et al. PNAS 2000
(GeneBridges license)

#4: ss-Mb x ds-Circle conjugation



Multiplex Automated Genome Engineering (MAGE)

ssDNA aligo

Beta bound oligo

Allelic Replacement

......... ’ e Strain: MG1655, AmutS, integrated A-Red

» Highly complex oligo pools for multiplexed
multi-loci modifications

« >4 billion bp of targeted genetic variation
produced per day

* 25 60 Ss‘J |I’)’n§l?Llli(‘.gl Sec?:'::ruz‘!iz;‘n":ISt::lcg:re
£ 2 550 . *
i 52 40 . . L
i §20 e Optimized Parameters
i Fol e apwtiT « Oligo length: 90mer
% sgligo L:r?gﬂ’l (bpi? " _zsomim-:IOOIigo ;::Isding E:::gy.AG-{icalfmol}O ° Ollgo anary StrUCture: <12 kcaI/mOI
- o « Oligo half-life: 5’ phosphothiol bps

£ | —— » Oligo conc.: up to 50 uM
E 20 £ 15 il
§15 § ol . .
£ 0 g, » Cycle time: 2to 2.5 hrs
" ) S « up from 1E-4 to 25% efficiency

0 1 2 3 4 8 0 10 20 30 40 50 6C

# of Terminal §' Phosphothiclated Bases Oligo Concentration (uM)

per cycle
22
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Dimension:

4’x3’x 2.5

MAGE System Upgrade Jan-May 2010

96-well
Electroporator

Incubation

Motion 1

DNA
Queue

Motion 2

Reagents:

H20, EtOH,
Growth Media

s

)

‘ i

:
*
. =
¥
-

Waste

Electroporator

Expression Microfiltration
Head Unit Reagent

Plate
Harris Wang

Copyright 2010 — Boston Engineering Corporation
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MAGE System Upgrade Sep 2010
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Accelerated Evolution 100K combinations
Lycopene (hydrocarbon): 20 genes up, 4 down, 2 new

dxs, idi, dxr, rpoS, AytjC
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o

dxs, dxr, ispA
dxs, AfdhF

EcHW1 EcHW2 EcHW2a EcHW2b EcHW2c EcHW2d EcHW2e EcHW?f

wild-type EcHW1 w/ -
PAC-LYC GE-MASS cycled strains

Harris Wang H et al Nature 2009

N @Ay,
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Y \aceE CO2
9XS | AcCoA

DXP J'

MEP
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CDP-ME

l ispE

CDP-MEP

l ispF
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‘L ispG
HMBPP
i\

IPP €<—>DMAPP

FPP
'L crtEBI

Glu
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Max yields in
3 days

& improve
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EXisting Sensors (select for new ligands)

55 DNA binding proteins: ada araC arcA argPR carP
cpXR crp cspA cynR cysB cytR deoR dnaA dgsA fadR
farR fhlA fInCD fnr fruR fur galR gcvA glpR hipB icIR
VY lacl lexA Irp malT marR melR metJ metR modE
nagC narL narP ntrC ompR oxyR pdhR phoB purR
rhaS rpoE rpoH rpoN rpoS soxS tetR torR trpR tyrR

12 Riboswitches: Adenine B12 FMN Guanine
Glucosamine-6-phosphate Glycine di-GMP Lysine
Molybdenum PreQ1 SAM SAH TPP theophylline 3-
methylxanthine

26
http://pubs.acs.org/doi/abs/10.1021/ja048634j



In vivo coupled biosensors

tRNA-ribosome

Repressor ds-DNA

o
Trp codons &

;

27



In vivo coupled biosensors

Tetracycline repressor ds-DNA

28



Divide & Conguer Genome Engineering

29



Multi-virus resistance:
stop codons: TAG / total

OX-174 5,386 b ss-DNA 0/ 9

M13 6,407 b ss-DNA 1/ 10

MS?2 3,569 b ss-RNA 21 4

T7 39,937 b ds-DNA 6/ 60

T4 168,903 b ds-DNA 19 /277

E.coli 4,639,675 b ds-DNA 314 /1,360,152
Farren
Isaacs N =%
et al :

ncbi.nlm.nih.gov/nuccore/9626372 30

56718463 176120924 9627425 29366675 (7 tRNAs: RITSPGL)



New translation

2nd base COde nOVEI AA
Safety features: no
U C A G functional DNA
exchange
2i6 ol mMS=i = -
GAATS Oas2| GOA* | 11512 | GUATR037 | GCA™401s | multi-virus
Ser
U o 18894| 9620 | me#iA |:%;65 RF2 1249 | A resistance
msifA VGA 1 ) |
emnmUAATG Al 12210 301 JUI s
Leu 15272|pyg 7490 His 13399 30530 C
m'G =m G A A
GAG 12082 GGG 9540 GUG 17791 28866|C%A U
< Ley 5266 | 11569 |P© 21121 [4810 A
eu vaam'al Gin O
© UAGE, 895 32080 cmnmis?UUGH (740138 o G| 8 ISﬁaCSI |
o Charale
S S4568 - 32265 asn 2B o 22067 @ =
- AUIBA UIBA 16A 1BA o Church
o 11645 Al 12119 U %06 | ©“Y " 11024 U sun
A lle Thr 46116
573350 A tEA 9452 VGUBA Lys Arg 2;;1 A Wang
et Met SUUIEA mnm*UCU
21050 35252 26270 40846
Val Ala Asp Gly C Jacobson
GACR | 24901 | GGCA 20813 Ve 217 ““33875 | U Kong
G 12001 | val  [27567 | A 54431 10774 | A Sterling
VACA VGCA e -
36108 46524 SUCS 4629 UClEs | G




Next: Freeing 8/33 tRNAS
& 1/3 RF (9/64 codons)

ATA(I), GTC(V), TCC(S), CCC(P), ACC(T),
GCC(A), CGG(R), AGR(R), TAG(-)

Min # bp changed= 5733 + 21050 + 11802 + 7490
+ 32265 + 35382 + 7401 + 2771 + 1496 + 314

= 125,704 bp (2.7 % of the genome)

Church GM (2009) Safeguarding Biology. Seed 20:84-86.

32
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Genomes Environments Traits

One in a life-time genome + yearly ( to daily) tests
Bio-weather map : Allergens, Microbes, Viruses

Pe rsonaIGenomes.orq
)
OOY

PERSONAL

‘ stem-cells
aees (RNA,mC)

¢’ bioweathermap o 33

Personal

TRAITS
(Phenome)




4 Alleles from 4 Genome Seguences

e Primary ciliary
dyskinesia (lungs)

* Pyrimidine synthesis
(face & limbs)

Logan & Heather Madsen

Analysis of Genetic Inheritance in a Family Quartet by Whole-
Genome Sequencing. Roach, et al. Science 2010

Exome Sequencing Identifies the Cause of a Mendelian
Disorder. Ng et al. Nature Gen. 2010

34

sltrib.com/health/ci_14648608



Genes Personal
Environments Genome

Traits, cells Project

1) First/only open access data

2) Avoid over-promising on de-identification

3) 100% on Exam to assure informed consent

(*Educate pre-consent rather than post-discovery*)

4) Genome seguence + epigenome

5) Multi-traits: images, iPS-etc.RNA, microbe/VDJ

6) Cells available for personal functional genomics

7) IRB approval for 100,000 diverse volunteers
501(c)(3)

16,000 so far
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US clinics quietly embrace
whole-genome sequencing

Nature 14-Sep-2010

"If one hospital Is doing It, you can be sure others will
start, because patients will vote with their feet,"
-- Elizabeth Worthey

HMGC & Children's Hospital of Wisconsin

“At the age of 3, he had more than 100 separate
surgeries ...On the basis of [sequencing], the physician
recommended a bone-marrow transplant in June 2010.
By mid-July, the child was eating his first meal.”

37



Medical Genomics: Individually rare collectively common 10%

1540 genes are highly predictive & medically actionable
(inherited & cancer) at ~$2K per gene.

**Very few of these are on DTC SNP chips.** Why?
PKU, Tay Sachs, Cystic Fibrosis, BRCA1/2, etc.

Pharmacogenomic drug/allele combinations:
Herceptin, Iressa, ..

1500

1400

1300 B Laboratories
Also: oo || St |
Ancestry, Forensics, s —
Social Networking, o |

600 ]

Education, Research

400
300
200 +
100 -
0

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

m—— | |
‘#IIIIIM
e




Evidence.personalgenomes.org: 32 diploid
full&exome: hypertrophic cardiomyopathy allele

1 2 3 4
| Z’
dloos 82 d.os
Poatter at al., 1008 Andersen et al,, 2001 Harvard LI hiart (WA A0E) | (a1 B05) Correlagen PGFG
Hougs et al, 2005 dieass
1 2 3 4 c 2 7 g ] 1
o O | a8 ¢ G0 O
chieady 40s Ty
ol 405 pacemaker

h=arttransplant

1 ./ ll.{f! 4 E 6 7 ai L 1% l-/
T o N O @ l"f Q 9 M O

7 Aoy 45y Ay SEY 55y 53y chidh 52y y ] Sy
+A13T -A1ET +A13T +A13T +A13T TAIET -A13T +A13T  TA13T +AT3T +A13T
+M1327K -M1327K +H132TK -E519K -EG19K +E61 5K -EG19K FES19K TER19K
-N1327K ~H1327E INIZITE

1 2

v 0 @b‘Jsuiui

1oy @y 22y 2y 17y
+A13T -EB19K -ES10K  +EE19K +HES19K
+H1227K

Figure 5.4: Summary of MYL2 A13T findings from clinical testing. This variant has been
seen in two families and three sporadic cases based on our enquiries to clinical testing laboratories
that sequence the MYL2 gene. In one family MYL2 A13T has been seen concurrently with MYBPC3
E619K and in the other family with MYH7 N1327K.



Genomes Environments Traits

One in a life-time genome + yearly ( to daily) tests
Bio-weather map : Allergens, Microbes, Viruses
PersonalGenomes.orq

PERSONAL

‘ stem-cells
arees (RNA,mC)

Personal TRAITS

(Phenome)
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PGP#1 & #9 skin to stem cells to ...

Endoderm Mesoderm Ectoderm

I:.‘i Al

PGP1f1-iPST 2

PGPOf-PS2 =

- I"

Repiratory Epithelium Bone

Lee J, Park IH, Gao Y, Li JB, Li Z, Daley G, Zhang K, Church
GM (2009) A Robust Approach to Identifying Tissue-specific
Gene Expression Regulatory Variants Using Personalized Human
Induced Pluripotent Stem Cells. PLoS Genetics Nov 2009

41



PGP Vaccination Immunome

Germline DNA - heavy chain locus

V1. Vde D1... D23 J 1-6 C
s e @ —
g";.‘ I N RN B — -
- ‘E__---- | . N NN ___T
' “*-a____ VDJ remmhi n_——
MRNA -{A}I’l tmnslahc:n

GDHE

E-ermllne DMA - light EhEiIﬂ locus
J1-5
VJ recnnyta( n__— /
RN Al e (A1 —

Harvard/MIT: Vigneault, Laserson,
Lieberman-Aiden, Church
Roche: Egholm, Simen
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PGP Time Series Vaccine Experiment

Tracking human dynamic response to vaccination to 11 strains:

Hepatitis A+B, Flu A/Brisbane/59/2007 (H1N1)-like, 10/2007
(H3N2)-like, B/Florida/4/2006-like virus

Polio, Yellow fever
Meningococcus
Typhoid, Tetanus
Diptheria, Pertussis
Collect samples at
-14d, 0d,

+1d, +3d,

+7d, +14d,

+21d, +28d

Anvbody 1o¢

(gm-! semum)

10° 4
‘||:|2 -
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107 S
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10774

Primary response

Secondary responss

=
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PGP Vaccination Immunome
Self Organizing Map (SOM) clustering
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Reading & Writing Genomes Goals

 2nd Generation BI/O: Reading & Writing
Engineer cancer- & virus-resistant genomes

*Personal Genomes — Integration tasks
- Personal Genomes: Environments, Tralts,
- Stem cells, Microbiome/Immunome
- Synthesis for Causality (CEGS)
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