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Small but real new risks are accruing today due to 
advances in DNA synthesis.  These risks are vastly 
outweighed by the benefits of synthesis technology.
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Biology will become, relative to current capabilities, 
extraordinarily easy to engineer.  We’ll need a 
biological security strategy that reflects this reality.

There will be no limit to the number of harmful 
biological agents that humans could produce.  IF such 
work takes place it should take place in the open.
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DNA Synthesis
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1. What is it?

2. Who has it?

3. Where is the technology today; where will it be 
tomorrow?

4. Why is synthesis good?

5. Why is synthesis dangerous?

6. Can or how should synthesis be regulated?
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Carlson, Pace & Proliferation of Biological Technologies, Biosec. & Bioterror. 1(3):1 (2003)
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To build section alpha, we first cloned parts 5, 6, 7, 8, 12, 13, 14, 15, 16, 18, 20, 22, and 24 into pSB104. We 
cloned part 11 into pSB2K3. We cloned each part with its part-specific bracketing restriction sites 
surrounded by additional BioBrick restriction sites. We used site-directed mutagenesis on parts 6, 7, 14, and 
20 to introduce the sites U1, 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 
pUB119BHB carrying the scaffold Fragment 4. We cloned part 15 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 NheI and BclI and purified the 
resulting DNA.Next, we cloned parts 5 and 6 into pUB119BHB carrying scaffold Fragment 3. We 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 AseI, 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 
(A1) 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 R0.3) following the same 
procedure as with part 3. We used a right-end primer containing an MluI site to amplify the entire 
construct, and used the MluI site to add part 7. We used PCR to select the ligation product, digested the 
product with NheI, and purified the resulting DNA.We isolated the right arm of a BclI 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 11 via three-way ligation and transfection. Because the 
restriction sites that bracket part 9 (RsrII) 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 RsrII and ligated part 9. We used 
PCR to select the correct ligation product; this PCR reaction also added a SacII site to the fragment. We 
digested the PCR product with SacI and SacII and cloned onto the otherwise wild-type phage. Lastly, we 
used the SacII site to clone part 10 onto the phage.
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Get me this DNA!
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Reagents
World-wide access & multi-use
Distributed knowledge

Oligonucleotides
World-wide access & multi-use
Some technical asymmetry

Raw Materials
World-wide access & multi-use
Distributed knowledge

100 < 100,000 bp
World-wide access & multi-use
More technical asymmetry

1E5 < 1E7 bp
Limited access (high cost) & multi-use
Immature technology

“Carlson Curves”

$/2 every 12-18 months
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SynthesisSequencing

Material (Physical DNA)

Information (DNA Sequence)
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Don’t exist

Unknown
reservoir

Locked-up
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What’s changed since the 70s?
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1. Databases populated with sequence information.

2. The internet.

3. Early returns on pilot investments in synthesis 
process engineering.

4. Overnight shipping.

5. Expanded concern re: active misapplication of biotech. 
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Underlying Goal of Synthetic Biology:
Make it much easier to engineer biology*
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Approach:
Develop more foundational technologies

*Presumes that constructive applications of synthetic biology are plentiful & paramount.  
Ask for defense of this position if needed.
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1. Recombinant DNA
2. PCR
3. Automated sequencing
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Systems???Devices???
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Design &
Construction

0.04min21) form rings at the final position only, but do not incur a
significant time delay. Rate constants for LacI decay of less than
0.02min21 also show no positional shift but result in a very
slow emergence of fluorescence long after the AHL gradient has
stabilized. The effect of LacI stability is also demonstrated by

comparing Fig. 4b with Fig. 4c, where an important difference
between these two kinetic parameter sets is a shorter half-life for
LacI in Fig. 4b. We therefore postulated that the relatively long half-
life of LacI (in our experimental system LacI degradation is due
mainly to dilution by cell growth) accounts for the similarity

Figure 3 Experimental solid-phase behaviour of band-detect networks. a, Picture of the
Petri dish used in the BD2-Red/BD3 experiment showing the sender disk in the middle.

b, Bullseye pattern as captured with a fluorescence microscope after incubation overnight
with senders in the middle of an initially undifferentiated ‘lawn’ of BD2-Red and BD3 cells.

Surface maps depicting red and green fluorescence intensities are included in

Supplementary Information. The senders in the middle are expressing CFP. c, Another
bullseye pattern, this time with a mixture of BD1 and BD2-Red cells. Scale bar, 5 mm.

Figure 4 Ring formation dynamics. a, Experimental results showing the time-evolution of
fluorescence for band-detect cells as a function of the distance from the senders.

b, c, Spatiotemporal simulations of two shifts with different sets of kinetic parameters that
form the ring at the same distance. Maximal levels of fluorescence are indicated by red,

while the black lines represent the spatiotemporal shift of the ring. The shift associated

with a fast decaying LacI (c) is larger than the shift resulting from a stable LacI (b).
d, Regression analysis correlating the fluorescence response times with rate constants for
LacI decay. Open triangles, shift end; filled diamonds, shift begin. e, Regression analysis
correlating positional shift with rate constants for LacI decay.
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developed a synthetic population control circuit by
linking quorum sensing to cell death by inducing
the synthesis of a toxic protein.15

Emerging applications of synthetic biology are
the design of bacteria to produce therapeutic agents
and the use of live bacteria as targeted delivery
systems.5,6 Towards this latter goal, it will be
important to control the interaction of a bacterium
with a mammalian cell and to regulate this
interaction in response to environmental
stimuli.5,7,16–28 Bacteria have numerous systems to
interact with and manipulate eukaryotic cells.
Redundancies of these systems and their complex
regulatory control complicate the engineering of
natural bacteria. In contrast, the inv gene encoding
invasin from Yersinia pseudotuberculosis represents a
single-gene output interface for initiating adhesion
and invasion of mammalian cells when expressed
in E. coli. Invasin binds tightly to b1-integrins
present on the surface of many cell lines and
induces bacterial uptake by stimulating Rac-1.29

In the gut, Yersinia uses invasin to identify and
invadeM cells, which uniquely express b1-integrins
on their apical surface.30 Transfer of inv to E. coli is
sufficient to induce the invasion of mammalian
cell lines that express b1-integrins.31 Moreover,
the therapeutic potential of invC E. coli has been
explored by constructing strains that can deliver
proteins17,19 and plasmids18,16 into mammalian
cells.

Here, we demonstrate that invasin-mediated
internalization does not require additional known
adhesion molecules. In addition, invC E. coli can
invade a broad range of tumor cells including
epithelial, hepatocarcinoma, and osteosarcoma
lines. Towards the goal of engineering therapeutic
bacteria, we show that bacterial internalization can
be synthetically linked to cell density, hypoxia, and
inducible inputs (Figure 1). This is achieved by
placing inv under the control of the quorum sensing
lux operon, an anaerobically induced fdhF promoter,
or an arabinose-inducible araBAD promoter.

Connecting the invasin output to environmental
inputs required engineering beyond gene fusion.
Initial construction of fdhF and araBAD-controlled
invasin resulted in constitutive phenotypes. To
overcome this problem, we constructed ribosome
binding site libraries and developed a genetic
selection to identify clones with inducible pheno-
types. This combinatorial strategy readily afforded
the desired phenotypes and should be broadly
applicable for any output module amenable to
positive selection.

Results

Modularity of invasin

Invasin is a long rigid protein that is anchored in
the outer membrane and extends 18 nm from the
bacterial cell surface.32 Binding of b1-integrins does
not require additional bacterial proteins to confer
invasion since latex beads coated with invasin are
taken up by mammalian cells.33 Nevertheless,
bacteria use multiple strategies to interact with
mammalian cells.34 E. coliMC1061 synthesize type I
pili encoded by the fim operon, which bind to
mammalian surface carbohydrates. This strain does
not express any other known adhesion modules,
such as curli35 or P pili. To determine whether type I
pili play a significant role in invasin-mediated
internalization, a fim deletion strain (CAMC600)
was constructed.

To constitutively express invasin, the inv gene
was inserted into a medium-copy plasmid under
the control of a tet promoter (pAC-TetInv)
(Figure 2(a)). Strain MC1061 lacks Tet repressor,
so bacteria harbouring pAC-TetInv constitutively
produce invasin. Invasiveness towards HeLa cells
was assayed by gentamicin protection (Methods)
and was reported as the fraction of added bacteria
recovered from lysis. In this assay, 8(G5)% of invC

E. coli (pAC-TetInv) were recovered (Figure 2(b)).
In contrast, invasion by E. coli MC1061 without
invasin was below the detection limit of the assay
(w10K5). To determine the role of type I pili on
invasion, we transformed CAMC600 with pAC-
TetInv and examined its ability to invade HeLa
cells. This strain retained the ability to invade
(1.5(G0.5)%) (Figure 2(b)). Therefore, the invasive
phenotype of inv is modular and does not require
other E. coli adhesion systems.

We next examined the range of host cells for invC

E. coli. In addition to HeLa cells, we examined the
human cancer cell lines U2OS (osteosarcoma)
and HepG2 (hepatocarcinoma). After incubation
with U2OS cells, 2.9(G0.6)% of invC E. coli were
recovered (Figure 2(b)). Similarly, 0.2(G0.1)% of
MC1061 harbouring pAC-TetInv were recovered
from HepG2 cells. When invasin-deficient E. coli
were incubated with either cell line,!0.001% of the
bacteria were recovered. Small differences in the
relative efficiency of invasion of the three cell lines
may reflect different levels of b1 integrin expression

Figure 1. Design for induction-dependent invasion of a
cancer cell. Under conditions of low cell-density or
normal aerobic growth, engineered bacteria are non-
invasive. Above a critical cell density or in a hypoxic
environment, sensors are activated resulting in the
synthesis of invasin from Y. pseudotuberculosis and the
invasion of HeLa cells.

620 Environmentally Controlled Invasion
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1. Recombinant DNA
2. PCR
3. Automated sequencing
4. DNA synthesis
5. Standardization
6. Abstraction
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Standards
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Abstraction
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DNA is genetic material.

TAATACGACTCACTATAGGGAGA

25
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Parts are basic biological f(x)’s 
encoded via genetic material.

TAATACGACTCACTATAGGGAGA
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R0083

Type:         Promoter
Family:      Protein:DNA
Activity:    2 PoPS (max.)
Cell Type: Any
Requires:  C0083
Temp:       < Tm
Issues:       None
License:     Public
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Devices provide human-defined 
f(x)’s using one or more parts.
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Systems provide human-defined 
f(x)’s using one or more devices.
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Systems

Devices

Parts

DNA
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Devices
and

Systems
Construction
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Design

0.04min21) form rings at the final position only, but do not incur a
significant time delay. Rate constants for LacI decay of less than
0.02min21 also show no positional shift but result in a very
slow emergence of fluorescence long after the AHL gradient has
stabilized. The effect of LacI stability is also demonstrated by

comparing Fig. 4b with Fig. 4c, where an important difference
between these two kinetic parameter sets is a shorter half-life for
LacI in Fig. 4b. We therefore postulated that the relatively long half-
life of LacI (in our experimental system LacI degradation is due
mainly to dilution by cell growth) accounts for the similarity

Figure 3 Experimental solid-phase behaviour of band-detect networks. a, Picture of the
Petri dish used in the BD2-Red/BD3 experiment showing the sender disk in the middle.

b, Bullseye pattern as captured with a fluorescence microscope after incubation overnight
with senders in the middle of an initially undifferentiated ‘lawn’ of BD2-Red and BD3 cells.

Surface maps depicting red and green fluorescence intensities are included in

Supplementary Information. The senders in the middle are expressing CFP. c, Another
bullseye pattern, this time with a mixture of BD1 and BD2-Red cells. Scale bar, 5 mm.

Figure 4 Ring formation dynamics. a, Experimental results showing the time-evolution of
fluorescence for band-detect cells as a function of the distance from the senders.

b, c, Spatiotemporal simulations of two shifts with different sets of kinetic parameters that
form the ring at the same distance. Maximal levels of fluorescence are indicated by red,

while the black lines represent the spatiotemporal shift of the ring. The shift associated

with a fast decaying LacI (c) is larger than the shift resulting from a stable LacI (b).
d, Regression analysis correlating the fluorescence response times with rate constants for
LacI decay. Open triangles, shift end; filled diamonds, shift begin. e, Regression analysis
correlating positional shift with rate constants for LacI decay.
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developed a synthetic population control circuit by
linking quorum sensing to cell death by inducing
the synthesis of a toxic protein.15

Emerging applications of synthetic biology are
the design of bacteria to produce therapeutic agents
and the use of live bacteria as targeted delivery
systems.5,6 Towards this latter goal, it will be
important to control the interaction of a bacterium
with a mammalian cell and to regulate this
interaction in response to environmental
stimuli.5,7,16–28 Bacteria have numerous systems to
interact with and manipulate eukaryotic cells.
Redundancies of these systems and their complex
regulatory control complicate the engineering of
natural bacteria. In contrast, the inv gene encoding
invasin from Yersinia pseudotuberculosis represents a
single-gene output interface for initiating adhesion
and invasion of mammalian cells when expressed
in E. coli. Invasin binds tightly to b1-integrins
present on the surface of many cell lines and
induces bacterial uptake by stimulating Rac-1.29

In the gut, Yersinia uses invasin to identify and
invadeM cells, which uniquely express b1-integrins
on their apical surface.30 Transfer of inv to E. coli is
sufficient to induce the invasion of mammalian
cell lines that express b1-integrins.31 Moreover,
the therapeutic potential of invC E. coli has been
explored by constructing strains that can deliver
proteins17,19 and plasmids18,16 into mammalian
cells.

Here, we demonstrate that invasin-mediated
internalization does not require additional known
adhesion molecules. In addition, invC E. coli can
invade a broad range of tumor cells including
epithelial, hepatocarcinoma, and osteosarcoma
lines. Towards the goal of engineering therapeutic
bacteria, we show that bacterial internalization can
be synthetically linked to cell density, hypoxia, and
inducible inputs (Figure 1). This is achieved by
placing inv under the control of the quorum sensing
lux operon, an anaerobically induced fdhF promoter,
or an arabinose-inducible araBAD promoter.

Connecting the invasin output to environmental
inputs required engineering beyond gene fusion.
Initial construction of fdhF and araBAD-controlled
invasin resulted in constitutive phenotypes. To
overcome this problem, we constructed ribosome
binding site libraries and developed a genetic
selection to identify clones with inducible pheno-
types. This combinatorial strategy readily afforded
the desired phenotypes and should be broadly
applicable for any output module amenable to
positive selection.

Results

Modularity of invasin

Invasin is a long rigid protein that is anchored in
the outer membrane and extends 18 nm from the
bacterial cell surface.32 Binding of b1-integrins does
not require additional bacterial proteins to confer
invasion since latex beads coated with invasin are
taken up by mammalian cells.33 Nevertheless,
bacteria use multiple strategies to interact with
mammalian cells.34 E. coliMC1061 synthesize type I
pili encoded by the fim operon, which bind to
mammalian surface carbohydrates. This strain does
not express any other known adhesion modules,
such as curli35 or P pili. To determine whether type I
pili play a significant role in invasin-mediated
internalization, a fim deletion strain (CAMC600)
was constructed.

To constitutively express invasin, the inv gene
was inserted into a medium-copy plasmid under
the control of a tet promoter (pAC-TetInv)
(Figure 2(a)). Strain MC1061 lacks Tet repressor,
so bacteria harbouring pAC-TetInv constitutively
produce invasin. Invasiveness towards HeLa cells
was assayed by gentamicin protection (Methods)
and was reported as the fraction of added bacteria
recovered from lysis. In this assay, 8(G5)% of invC

E. coli (pAC-TetInv) were recovered (Figure 2(b)).
In contrast, invasion by E. coli MC1061 without
invasin was below the detection limit of the assay
(w10K5). To determine the role of type I pili on
invasion, we transformed CAMC600 with pAC-
TetInv and examined its ability to invade HeLa
cells. This strain retained the ability to invade
(1.5(G0.5)%) (Figure 2(b)). Therefore, the invasive
phenotype of inv is modular and does not require
other E. coli adhesion systems.

We next examined the range of host cells for invC

E. coli. In addition to HeLa cells, we examined the
human cancer cell lines U2OS (osteosarcoma)
and HepG2 (hepatocarcinoma). After incubation
with U2OS cells, 2.9(G0.6)% of invC E. coli were
recovered (Figure 2(b)). Similarly, 0.2(G0.1)% of
MC1061 harbouring pAC-TetInv were recovered
from HepG2 cells. When invasin-deficient E. coli
were incubated with either cell line,!0.001% of the
bacteria were recovered. Small differences in the
relative efficiency of invasion of the three cell lines
may reflect different levels of b1 integrin expression

Figure 1. Design for induction-dependent invasion of a
cancer cell. Under conditions of low cell-density or
normal aerobic growth, engineered bacteria are non-
invasive. Above a critical cell density or in a hypoxic
environment, sensors are activated resulting in the
synthesis of invasin from Y. pseudotuberculosis and the
invasion of HeLa cells.
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Revitalize and extend relatively rigid, partially 
effective, state-based framework by promoting “soft” 

social complements to the BTWC.

Avoid remilitarization of biological technology. 

40

Develop long-term strategy for responding to 
emerging biological agents (first natural, then 

engineered).
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