How exactly does
DNA synthesis work!?

Coupling efficiency!?

How do you build genes!
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THE MAARACTIVAETTE: INETITUTE OF TECHMNOLOEEY

OxE hundred years ago there were but
two types of engineers, “‘military'" engi-
neers concernsd with the operations of
warfare amd “‘eivil”’ engineers  whose
activities were directed toward problems
of eivil life.  Each utilized many iden-
tical technigues in mensuration over the
surface of the earth but with different
objectives ; each was eoneerned with the
building of roads and bridges for which
the snme seientifiec data and similar math-
cmatieal computations were employved.
Neither exereised a monopoly on any
particular applieations of seienee: their
objectives were different.

For a time, all engineering in eivil life
was ¢ivil |'n;.7iu|.-|'!ri||;r, bt as some of
these L'II.'._'iIIlI'I'I'.'-i b mie engneed 1 delv-
'i:l'-l.! into the earth to seeure mineral re.
sonrees, adaptations of wsnal procedures
in the matter of structures, methods of
tunneling, bracing and the like led to
the designation of these specializis as
“mining " engineers.  On the other hand,
those engineers whe specialized in the
harnessing of mechanisms to manuflae
fure, employing the Fhl'j:ll.L'i|l|l.".'l- of meclan-
res, came to e known as ““mechanical '
engineers, the first eollege enrrieulum in
this fleld being established af Hensselper
:|"1:-|I'|'I!1"l.r inie Instifute in 1862 ::‘1'|"|||"|i'_;lu'
thereafter the inereasing applications of
eleetricity in its manifold possibilities to
aid the mechanical engineer ealled for
spectlization of training and practies in
that braneh of physics comprised in the

field of electricity, as a result of which
technieal eourses in eleetrieal engineer-
ing were developed at MLLT, in 1882

Meanwhile, the sciences of -|'||1'I|'1'|.-'.|.':'|'
and physies and, to a less speetacular de
gree, the seienee of biology had been ac-
ectlerated in their development, and their
ao-ealled boundaries expanded until they
overlapped.  The serviee of chemistey to
biology was obvious, and bicchemistry
exiated at the interphase between the two
'|-:u'4|:' before formal r-:'l_'r||._r|:'i1iu|| of thi=
state came with its definite designation
by name.

Chemistry was impressed also into the
serviee of industry, and the ntilization of
chemistry with a judicions emplovmeni
of physical and mechanical engineering
prineiples in chemienl manufacture was
explored systematically and with eneonr-
aging reanlts.  Alert to the |1r|-;-.'i|'_|1'|i1'i|_-.-='.
with whieh this merger of chemistry and
engineering was potent, in 18R Presi-
dent Frrancis J. Walker at the Massachn-
setts Tnstitute of Technology included in
its curriculum the first program of train.
g in chemical engineering.  Fifteen
years later Professor William Walker,
teacher of industrial clwemist rv at M.LT.,
coneeived the pedagogienl plan of in-
struetion in unit propesses, sueh as dis.
tillation, dehyvdration, heat transfer and
other processes which are common to
many industries, replacing the plan of
detailed deseription of particular proe-

enmey of manulaesiare The art of trains




BIOLOGICAL ENGINEERING 11
VIR, BT RICs 8D Hioldaaic sl KR B Hi

Firss Viomr

Firnl lerm Hivgaiisl LTI
1 LI T -
\ IE'.-:l.r.,w s Tikts %, Rubjert L'mlte
ndil Chemlstry, General T n g Chemlatry, General T r|
H.ik] Thiyslis b Had Mhiyakes ) o5
I Engligerlng [frywing & B b Iwmeriptlve licmnedry G-
il Enclish lI'J|||||||||||||||| b 1 | o] Jd :l.'IIHII.lI II"III||"-||I"" & 4
5111 -|'_|h-;|||:.| a4 N1z i‘mbrulus 14
TER N Milliary Srirmme =il K=02 Silldmry Srdemmt L4l
1*T"1 Physleal Trainkng 1| T2 I"hysiral Tralning 1-4
il VT _
N anl Analysls i 2 o Guanl, Amalysis I=d
] Hisdmgy, o= T.14 g Annisny -~ D
ikl "hyeirs 3 il I"hysir= ii—1I
1 Lig, & llisiory 3N | frriorcd [de. & Hisiary A=
TS aliglys E-4i 22 IRIT. Yamuiloms A
SI=E] Mil. Helenee - MeEE M Setemw -4
Cen, Riady B .
arll—L 1
e
HEunmmar
N4l dvrpanle CBsem. | B
o3R8 Chrgankbe Chem. lak. | V-
Third Yeus
LAY Pliys. {hem | ok i Fhys, Chem, 11 14—
TR Ihya. £ hema lab, B ] Fhys, Chem. Lak, 11 i ik
3 10T Linse g, il R B im E b ]-IIH. Fein. I |
4 el .|||._-|.| r|||||| Y i K ik 1k |':||'I' |:II|.;. !.hll i
Ecil Palltdeml FEeanaiiiy S Vol 'hywlnlog &
Isinguape a— Eeld Palltical Eoom A=
-— - L& i giidgr B
R B || 2
e | e
Faarth Year
Ha1T  FElie Eng, I'rin, a1 a. =1 Flaglhiyskis ikl
i T Eler. Fng, Lah 2-3 &l Arafile JrAa. 1
| Pl hismi=iry M =T 2 Afomir 1. lak. =
=i Fhiysical Moas, i, Lvirnerpl =MNEodldy —
= 14 LIRS 1T o=l Flae jvis il
®. 1402 Ogitirnd M, B
== 48
-
Fil'th Year
T2l Salv. Hact A4 1. 5E Ay, Plmchiom. -1
.41 Ly mkaloey it 1.2 Hiul. Eng. 11 1-4
151 III:F'.HI. Eng. 1 il 10802  Caollssd l'r!u-u:u A
1G] Imit, Codlold Chemn, LS | Elective L
K hcilve i Thi=ls =ik
Tharaks 1l
411}




Molecular Systems Biolegy (2005) doi:1 0. 1038/msbd 100025 |r1L:I|t.'|:JLI|aIr
£ 2005 EMBO and Mature Publishing Group  All rights reserved 1744-2292/05 Systems
www. molecularsystemshiclogy.com l'.lll'_'ll Dy

Refactoring bacteriophage T7

Leon Y Chan'~, Sriram Kosuri*® and Drew Endy™*

' Department of Biology, Massachusatts Institute of Technology, Cambridge, MA, USA and ¥ Division of Biological Engineering, Massachusetts Institute of Technology,
Cambridge, MA, USA

* These authors contributed equally to this work

" Carresponding author. Division of Biolgical Engineering, Massachusells Institute of Technology, 68-580, 77 Massachusetls Avenue, Cambridge, MA 02132, USA.
Tel: +1 617 258 5152; Fax: + 1 617 253 5865; E-mail: endy@mi.edu

Heceived 15.7.05; accepied 23.7.05

Natural biological systems are selected by evolution to continue to exist and evolve. Evolution likely

gives rise to complicated systems that are difficult to understand and manipulate. Here, we redesign
the genome of a natural biclogical system, bacteriophage T7, in order to specify an engineered
surrogate that, if viable, would be easier to study and extend. Our initial design goals were to
physically separate and enable unique manipulation of primary genetic elements. Implicit in our
design are the hypotheses that overlapping genetic elements are, in aggregate, nonessential for T7
viability and that our models for the functions encoded by elements are sufficient. To test our initial
design, we replaced the left 11 515 base pairs (bp) of the 39 937 bp wild-type genome with 12179 bp of
engineered DNA. The resulting chimeric genome encodes a viable bacteriophage that appears to
maintain key features of the original while being simpler to model and easier to manipulate. The
viability of our initial design suggests that the genomes encoding natural biological systems can be
systematically redesigned and built anew in service of scientific understanding or human intention.
Molecular Systems Binlogy 13 September 2005; doi:10.1038,/msb4100025

Subject Categories: synthetic biology

Keywords: bacteriophage T7; synthetic biclogy; refactor




To build section alpha, we first cloned parts 5,6,7,8, 12, 13, 14, 15, 16, 18, 20,22, and 24 into pSB104.WVe
cloned part | | into pSB2K3.We cloned each part with its part-specific bracketing restriction sites
surrounded by additional BioBrick restriction sites.VWe used site-directed mutagenesis on parts 6, 7, 14, and
20 to introduce the sites Ul, U2, U3, and U4, respectively. Our site-directed mutagenesis of part 20
failed.We used site-directed mutagenesis to remove a single Eco0109I restriction site from the vector
pUBI I9BHB carrying the scaffold Fragment 4.We cloned part |5 into this modified vector.We then cloned
scaffold Fragment 4 into pREB and used serial cloning to add the following parts: 7,8, 12, 13, 14, 16, 18, 20,
22, and 23.We digested the now-populated scaffold Fragment 4 with Nhel and Bcll and purified the
resulting DNA.Next, we cloned parts 5 and 6 into pUBI I9BHB carrying scaffold Fragment 3.VWe used the
resulting DNA for in vitro assembly of a construct spanning from the left end of T7 to part 7.To do this,
we cut wild-type T7 genomic DNA with Asel, isolated the 388 bp left-end fragment, and ligated this DNA
to scaffold Fragment 2.We selected the correct ligation product by PCR.We fixed the mutation in part 3
(Al) via a two-step process. First, PCR primers with the corrected sequence for part 3 were used to
amplify the two halves of the construct to the left and right ends of part 3. Second, a PCR ligation joined
the two constructs.We added scaffold Fragment 3 to the above left-end construct once again by PCR
ligation as described above.We repaired the mutation in part 4 (A2,A3, and RO0.3) following the same
procedure as with part 3.We used a right-end primer containing an Mlul site to amplify the entire
construct, and used the Mlul site to add part 7.We used PCR to select the ligation product, digested the
product with Nhel, and purified the resulting DNA.WVe isolated the right arm of a Bcll digestion of wild-
type T7 genomic DNA and used ligation to add the populated left-end construct and the populated
Scaffold Fragment 4.We transfected the three-way ligation product into IJ1127.We purified DNA from
liquid culture lysates inoculated from single plaques.We used restriction enzymes to digest the DNA and
isolate the correct clones.Next, we added part | | via three-way ligation and transfection. Because the
restriction sites that bracket part 9 (Rsrll) also cut wild-type T7 DNA, we needed to use in vitro assembly
to add this part to a subsection of section alpha.To do this, we used PCR to amplify the region spanning
parts 5—12 from the refactored genome.We cut the PCR product with Rsrll and ligated part 9.We used
PCR to select the correct ligation product; this PCR reaction also added a Sacll site to the fragment.VWe
digested the PCR product with Sacl and Sacll and cloned onto the otherwise wild-type phage. Lastly, we
used the Sacll site to clone part 10 onto the phage.



Get me this DNA!



Questions about T7.17?

Design!?
Construction?
Other?
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Part 2 of your portfolio:

|. Choose a section (site-site)

2. Design DNA for your section (must
include terminal RE sites)

3.Annotate sequence (follow scheme)

4.Write summary paragraph (include $
estimate and GO/NO-GO)

5. 4-8 week fab time, f(L, complexity)



