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Yesterday we talked about ways to assemble
DNA building blocks

Cloning with restriction enzymes
* Traditional cloning
* Biobricks
* Golden Gate

Cloning without restriction enzymes

* Gateway

* Circular polymerase extension cloning
(CPEC)

* Ligation-independent cloning
* SliCE
* Gibson method (in vitro)



Today, we'll discuss large-scale projects
to synthesize entire chromosomes

Gibson et al, 2010 “Creation of a bacterial cell controlled by
a chemically synthesized genome” Science 2010 (PMID
20488990)



This paper is part 3 of 3 in the series

Part 1: Lartigue et al, 2007 Science (PMID 17600181) PEG-
mediated Mycoplasma genome transplantation

Part 2: Gibson et al, 2008 Science (PMID 18218864) chemical
synthesis of the Mycoplasma genome

Part 3: Gibson et al, 2010 Science (PMID 20488990) combine
methods from parts 1 and 2 to make 'synethetic' Mycoplasma
mycoides



assemble 1.08 Mb Mycoplasma genome in 3
stages

Yellow circles show

differences from WT

genome:

1. 4 watermarks

2. 4kb deletion

3. yeast propagation
elements

Fig 1
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stage 1 assembly of 10 kb fragments from 1 kb
oligos (Fig 2A)
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1. Purchased 1078x1080 bp oligos with 80 bp overlaps

2. Transformed oligos into yeast for in vivo recombination
(Gibson et al, 2009 PMID 19745056)

3. Transformed plasmids into E. colito improve yields

4. cut plasmids with Notl+Sbfl to confirm 109x10 kb inserts



Gibson 2009: use yeast as a 'factory' to assemble
oligonucleotides

Fig 1: schema for transformation of ssDNA oligos into yeast spheroplasts for assembly
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Fig 3: in vivo assembly of 28 60-mers with 20 bp overlap (40bp gaps) into a 1140 bp fragment

(e) s

F M13F
Mg 3g 59 7g 9g 11g 13g_15g_17g 199 21g 23g _25g 27g 5 4~ -
. 29 49 _6g_ Bg_10g 129 14g_16g_18g_ 20g_22g 249 269 28g
= 5 i
M13a 1,140 bp 3.J'. 5
[ PCR of 12 clones
) 201 - _
e PR
05kb —"= = ]
S . Yeast can Fill up to 160 bp gaps between
28 gapped cligos

overlapping oligos!



stage 2 assembly of 100 kb fragments (Fig S3,2B-

Primer set # B 3
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1. Pooled 10x10kb fragments and transformed into yeast for in vivo recombination

2. lsolate DNA from yeast
3. Multiplex PCR to confirm that all 10kb segments are present (Fig S3)

4. Confirm 100 kb size on gel (Fig 2B-D)



stage 3 assembly of complete 1.08 Mb genome
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1. Isolate 100 kb fragments from yeast

2. Remove yeast chromosomal DNA: purify circular DNA by trapping it in agarose
3. Pool 11x100kb fragments and transform into yeast for in vivo recombination
4. Multiplex PCR to amplify junction fragments and compare to WT (Fig 3A)

5. Restriction analysis with Ascl and BSSHII (Fig 3C).



PEG-mediated genome transplantation
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Lartigue et al, 2007, Fig 1




show that transplant cells have the synthetic

genome
Fig 4A: Multiplex PCR of 4 watermarks Fig 4B: restriction digest with BssHI and Ascl
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Sequences of 4 watermarks

Watermark-1, 1246 base pairs

NG TT CGAAT AT TTCTAT AGCTE TAC ATATTOT AATECTEATAACT AATACTGTGC GC TTGACT GTG ATCCT GAT ARATAACTTICTTCTETAGGE TAGAGT TTTA
TITAAGE CTACTCAC TEE TTGCAAACT AATGC OO TACAT TACT ASCT TRATC CTTGGTOEGT CATT GE G GEATATCTCTT ACTAATAG AGCEACC TATC GC GTATT CTC GO G
QRCCOOOT TET OO CRCRCTRGE CE OT G TAG CATCAC CAAGRL AT AGE G GAACE GAT G AGG ARG AL TGAGEE CTCATTGE TRATCAT AAT GAC TG TT TATAT ACTAATGE
CETCAACTGT TTGC TG TG ATACT GTGCTT TC GAG GO0GGRAGATT OETT TT TG ACATACAT ARAT ATCAT GACARAACHG COGE G TCAT GACARARCEG TOGE G TCAT AAT AGAT
TAGCOEGETGEAS TETE AAACTAAAG CTACT AATE OG5 TC AAT AAAT ATE ATAATAG CAMDE G CACTGE ACT OT GAAACT AAMG 00 GG CACT CATAAT AG ATT AGC OE GG TCGT
ATTCAT AGCOEGET AGATATCACT ATAAG O CCAGGAT CATH AT AACACAGCACCACGTC GT CETC OGS TT TT TT TACT GC GADG TCTATAC CACG GAAG CTGAT CATARAT
AGTTIT TT TGCT G GECACT AGAG 0T GG ACEAGT AC ACTACS T TT GT ARATACATOG T TOC GAATT G TARATAATT TAATT TC GTATTT AAATT AT ATGATCAC TEGC TATAGTC
TAGTEATAACTAC AATAGT TAG CAATAALGT CAT AT ATAACAATAGCT GARACC TA TGCTAC ATATC OO CTAT AC GG TAG ATATCACT AT ARGE C0C AGE ACAATAG CTEAACT GA
COTCAGCAACT B GT TTAGCT TRACT GT GG TOEGET TT T1 TTGCT GOEAC GTCT AT ACEE AAG CTC AT AACTAT AAS AG OE GO AC TAG AGCC GECAC AC ARG OO GO CACAGT
COETATT CATAG DG G CACT CATE AT AU B A CRIGT

Watermark-2 1081 base pairs

TSRS - CT GG CAG CATAAAACATAT AGAACT ACCT GC TATAAG TG ATACAACT GT TTTC AT AGT AAAAC AT ACAACE TTGCTGATAGT ACTCCTALG TGATAGCTT
BGTE0 AT TTAGCAT ATATTET AG GCT TC AT A8 TAAGET G AT ATT TTAGCT ACE TAACT ALAT ARCT AGCTATGACT GTACTCCT ARG TG ATAT TT TCATCCT TTGC AT ACAATAR
CTACT ACATC AT AGTGOET GAT ATGCCT G TECTAG ATAT AG ARCACAT AGC TACG TT TG CTET TTTCAG TG ATAT GCTAG TT TCATCTAT AGAT ATAGE CTGC TTAGATTCC CT
B TAGCTAT TTCTG T AGG TEATATAC GT COAT TECATAAG TTAKT GCATT TAACT &G CT GTG AT ACT AT AGC AT COC CATTCCT AGT GC ATATT TTCATC CTAG TG CT ACE TG AT
AT AATTET ACTAATGCE TG TAGATAATT TAATGCC TEGEC TOG TT TG TAGG TEATAATT TAG TECCTE TALLAS ATATAC CTEAGT GCTC GT TACE TEATAG TTCG TTCATECAT
AT ACAACTAGGECTGCT T GATATG G TCACT GOCCT TAC TE TACT ACATATTACTE CG AGGEGGEATGACGE T AT ARMC CTGT TE TAAG TG ATATE ACE TATAT AACTAC TAGTGA
TATGACE TATAGECT A0 AACANTE TEATATGACE TATATG ACTAC TG TCC CAAACATCAG TEATAT GACGT ATACT ATAATT TCTATAATAG TEATALATARACT TEGEECT AL
TACGTTCCTGAATACET G G0 ATAAKCCTEGEEC TAMCE AGE AL TACT CATAG TT TAG CAATAAGCTATAS TTCG T CATTT TT AMGHCE CECC T

Watermark-3 1109 base pairs

TARCT AT ATT TRAATAT CATCC TGATT TTCACTG G CTC GT TG TEATATAGAT TCT ACTE TAS TG CT AGAT AGT TCTGT ACT ASG TEATACTATAGATTTC
ATAGATAGC AC TACT GOCTTCAT GCTAGEC ATCC CAATAGCTAS TEATAGTT TAG TG CATAC AAC GT CATETGAT AC AAC OT TACT GG CT GT AGAT ACAADET COTATTCT GT
AAUGTGATAC BATAGCTATTGC TG TGCATASGCCT ATAG TG CTO TAACT AGT GATATCAC OT AAC AAC CATAT ARG TT AGAT TTAAT GCOCC THACTG AADE CTC OT TGCE TG
ATAGTTTAGGCT OGS TTOC AT ACAACTS TGAT TTTCAT AAAACAACE TOATAATT TAGTE CTAGAT AAS TTOC GCT TAG CAAG TG ATAG TT TOC G0 TTGACT GT G CATAG TT CGT
TCATGS GCTOETTGC GT G AT AAACTAGGS ASCT TC ACARCTGATAATT TRAT TOCTGATATTGCT GECTGT CTAG T GCTAGT GATCATAG TGOG T GATAS TTTAMGCT GC TCT
O TT TAG ATATC AC GTGCTT GATALT G ALACT AACTAG T ATACT ACG TAGTT AAC TATG AATAGS CCTAC TG TAAATT CAATAG TG OG TG ATAT TGAACTAGATT CTGCAACTG
CTAATATGC OO TGCT G0 A0 GT TTGS TGAT ASTTTAGCATGOT TCACTATAAT AAAT ATGETAGT TG TARCTACT GO GRATAG G GGG MG CT TAAT ARATAT GAT CACT GTGCTAC
GCTATAT GO OGT TG AATAT AGE CTAT ATGATCAT AACATATAT AGC TATAAGTE ATARGTT CCTGRATATAGECTAT ATGATC AT AACATAT AC AAC TG TACT CATG AATARGTT
BACGAG

Watermark-4 1222 base pairs

TCATTGCT GATCACT GT AGAT AT AGT GCATT CTATAAMS TOSCTC GCAGRG B0 TAG TACTE O CACE T TTT TC AS TGATAT TATOCT AGT GC TACAT ARG A
TCATAGT GO GTGAT AMAC CTGATACAAT ASGTOATAT CATAGCAACTG AACT GACE T TG CATAGCT CRACTG TG ATC AGT GATATAG AT TC TGATACT AT AG CAACET TROSET
GATATTT TCAC TACTGECT TEACT GTAGT G ATATE ATAG TACE TCTAACT AGC AT AACTAGTEATAG TT ATATT TC TATAG CTGET ACATAT TG TAATECTG AT AACTAG TG ATA
TAATC CAACTAGATAGTCC TRAACTGATOC CTAT G CTAACT AGT GATAKACT AACTE ATACATCGE TTOCT GC TACG TE ATAG CTTCACT G AGT TOC ATACATC GTOETECTTAR
ACATCAGTOATAACACT ATAGAGT TC AT AGATACTE CAT TAACT AGTOATATGAS TE CARATAGCTT GRCGT TT TG CAGTCT AAAAC AACE TOATAATTCT GTAGTACT MG ATA
CTATAGATT TCCTECT AAGT GAT A TCTACT GAT TTACTAAT GAATAGCT TRET TT TAGCATACACT G TECACTECACT GGT QAT AGC TTTTOGT TOATEAATARTT TCOCTA
GOACTETEOE TEATATGC TAGAT TC TG TAG ATAGGCT AAATT COTCTACGT TTG TAGE TOATAS T TTAGTTGCTG T AACT AATAT TATC CCTGTGC OGTTGOTARGC TG TG ATA
TCATAST GETECTAGATAT QAT ARG CAAACT AATAGAG TC QAGGE GEAGTC TCAT AGT GAATAC TRATATT TTAGT GCTGCOGE T TG AAT AAGT TC CCTQAMCAT TG TR ATACT
GATATTT TAGTE CT G0 COT TGAATATOCT G AT TTAACTAG CTTG AT AGT GCATT OO A G AATACCC ATACT AC TG TT TT CATAGCTAAT TATAS G CT AACAT TG CCAAT AGT GC




Cracking the watermark code

A new triplet code to include all 26 letters and punctuation

TAG = a GCA = k TCC = u AGA = 4 CAC = /
AGT = b AAC = 1 TG = v GCG = 5 CCA = =
TIT = ¢ CAA =m GTC = w GCC = 6 CGA = .
ATT = d TGC = n GGT = x TAT = 7 GAG = |
TAA = & CGT = o CAT = y CGC = 8 CAG = :
GGC = f ACA = p TGG = Z GTA = 9 GGA = "
TAC = g TTA = g TCT = 8 ATA = space GTG = |
TCA = h CTA =r T =1 GGG = chri(le) TCG =@
CTG = 1 GCT = s ACT = 2 AGC = = CCC = -
GTT = j TGA = t AAT = 3 CGG = =<

http://spth.virii.lu/InfectingDNA.txt



Cracking the watermark code

http://genomevolution.org/wiki/index.php/Mycoplasma_mycoides JCVI-syn1.0_Decoded

Watermark 1

J. CRAIG VENTER INSTITUTE 2009 ABCDEFGHIJKLMNOPQRSTUVWXYZ
0123456789?2@?7-77=/:<?>722222"22!"., SYNTHETIC GENOMICS, INC.

<IDOCTYPE HTML><HTML><HEAD><TITLE>GENOME TEAM</TITLE>
</HEAD><BODY><A HREF="HTTP://WWW.JCVI.ORG/">THE JCVI</A><P>
PROVE YOU'VE DECODED THIS WATERMARK BY EMAILING US

<A HREF="MAILTO:XXXXXXXX@JCVI.ORG">HERE!</A></P></BODY></HTML>

From: "Montague, Michael" <MMontague@)jcvi.org>
Subject: RE: A bit late
Date: March 23, 2012 7:53:28 AM MST

To: Eric Lyons <elyons.uoa@gmail.com>
Hi Eric,

You are the 83rd person or group to decode the watermarks.

The first decoder was a recently graduated student from U. Penn.

named Andrew Ettenger only 3 hours and 13 minutes after the watermark
sequences were released.

--Mike Montague



characterize phenotype of cells with synthetic
genome

Electron microscopy show expected

Streak cells on X-gal plates: WT genome is white morphology

and synthetic genome is blue (contains /lacZ gene)

Fig 5A,B




They sequenced the genome the synthetic strain,
JCVI-syn1.0

-8 single base pair changes

-an E. colilS1 transposon
insertion

-85 bp duplication



Discussion questions

Question 1: Why did they choose to synthesize the genome of Mycoplasma? What

genome would you do next?

Question 2: The entire Mycoplasma genome was Ffirst cloned as a centromeric plasmid

in yeast, which was then transferred into a Mycoplasma cell. What difficulties did
they encounter in transferring the genome into Mycoplasma?

Question 3: Did they creat a 'synthetic cell'? What is their supporting rationale?

Question 4: Was this project worth $40 million?




Now we'll discuss the first synthesis of
a eukaryotic chromosome

Annaluru et al ,2014 “Total synthesis of a functional designer
eukaryotic chromsome” Science PMID 24674868



Saccharomyces cerevisiae genome

- First eukaryotic genome sequenced (1996)
-16 chromosomes

-6,275 genes (~5000 individually non-essential)
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strategy for Synlll chromosome synthesis

This was done by students (L2, L3) in a Build-a-Genome course!

A Step 1: Synthesize Building Blocks (BBs) from oligonucleotides
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Fig 2



overview of synthetic yeast chromosome Il
(synlll)

-removed ~50,000 bp (316,617->278,871 bp): sub-telomeres, introns, TRNAs,
transposons, silent mating loci

-changed stop codons TAG->TAA (free up a codon)

-inserted 'scrambling sites' (loxPsym) around non-essential genes

A 300kb 316kb
YiC ROSO YCR101C YGRT02W-A YICR10EW YCOR10TW Tell3R-XA
! : TGh.ch Il
YCROBC A YCOR100C YCR102C YCR10dAW YCR108W ‘F_G:H.“'I_EEG ________ |
\\-. _______________________________________
N—
+H><ER—QD synil m m)
YiCROGBC B C
YCLOSEW YOLOOAW
- non-assentlal ORF |:> uncharacterzed ORF| =~ -
api ersa e AN TAR
M) cosorva v [ °8%° Dyimosat, | AEEEEEDwhnnny
QlaPsymsits @ codon swap |:> rapeat _-._ synlil _-._ synill
YOLOSEW YCLODSW




chromosome Ill contains the MAT locus

SHICY)

(determines mating type)

m pheromome

Yeast have 2 haploid mating types (a and alpha)
that produce different pheromones and
receptors.

Haploid cells respond to pheromones by forming a 'shmoo’

” 3| Diploid cell can later form haploid spores by meoisis

http://en.wikipedia.org/wiki/Mating_of_yeast




TAG->TAA frees up a TAA codon to use unnatural
amino acids

Second Letter

TCT TAT TGT

1cC | | TAC ] Tyr TGC] Cys
TCA TAA Stop || TGA Stop
TCG TAG Stop || TGG Trp

cTT | coT CAT } b caT
CTC cce CAC CGC
CTA }""“ CGA}P“" cm] ain |l ©GA }”9
cTG cca CAG COG

First Lattar
JoHe7 payj

anc 1 sn |l agc}ser

aalYe | Adal A




SCRaMbLE genes on synlll using Cre-lox

A B c

Inversion Translocation Deletion

s @fosrzzzzrrrss ] oot Hioi- Cre recombinase recognizes
re N @@ lox sites to mediate inversions,
Crel:ﬁ&/l e

translocations, and deletions.

SCRaMbLE
A - D c D : Put lox sites in 3' UTR of non-essential
* SCRaMbLE genes.
G Use Cre recombinase to reorder and

remove genes.

" . @8 C ¢ ¢
5 O‘ ‘. “ “

PMID 22572789



confirmation that synlll is correct

NA  synlll gDNA
WT
|
| |
WT
synlliL
synlll

pH 4.0

30°C, 2 days

[ g
g YPGE

30°C, 3 days

B .-._.- T
IX =g 1 i
—-synlll left arm” SN
}ﬁ, synlll

A. amplify PCR tags specific to Synlll. B gel to show that Synlll is shorter.
C. Cells containing synlll grow the same as WT.




The next step is synthetic yeast 2.0 to make the
rest of the genome

www.syntheticyeast.org

Second International
Sc2.0 Meeting




A few other futuristic applications for “Building
with DNA”



DNA origami

http://www.nature.com/scitable/blog/bio2.0/dna_origami



DNA origami: fold ssDNA using oligo staples

http://bsclarified.wordpress.com



What are applications for DNA origami?
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DNA as storage material

Oligonucleotid
- NITs DA S e
AT WEHDE mSIEE 2 e
C - T O A g
=R o AN oL e A Th L ke
T W U e A b owg ST
L= R R o LR S S e,
A R - R L A T T
LT L = W 8L - T KD N = D gn AT e

-

Next-Generation D

Storage in DNA

(Griffiths et al. 1999)

" Jraliaiizplalalisel )
1t 7 DOLOLOVODVO0 =

g w 9 9 ILOLOVODYOD mm
g

0¥ ¥ FOLIL DYDY D0 -—

11 1L 1 L2820y YEI 50 -
g 0 9 L0DIVYOIL5) =
0988 1001yyD0 150 m
VYV VY LoDiwwoolon me

111 1190VIVI00YY
30 22190VIVIOOYY =
m 99 51 9oVIVLIODY Y

VY ¥ LOoVIVLODYY e

M., w 1 | 81sovwonny e
By J 09109¥WO0DYE .
Yy Wwﬁﬁﬁuum{wl
fm._.uﬂﬁoumqwl

|

http://www.colbertnation.com/the-colbert-report-videos/419824/october-04-2012/george-church
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