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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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For that reason, some scientists say, it might be difficult 
ever to make biological engineering as predictable as 
bridge construction. 

"There is no such thing as a standard component, 
because even a standard component works differently 
depending on the environment," Professor Arnold of 
Caltech said. "The expectation that you can type in a 
sequence and can predict what a circuit will do is far 
from reality and always will be." 

Andrew Pollack 
Custom-Made Microbes, at Your Service 
New York Times 
17 January 2006
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Description

A transcription factor (LuxR, BBa_C0062) that is active in the presence of cell-cell signaling molecule

3OC6HSL is controlled by a TetR-regulated operator (BBa_R0040). Device input is 3OC6HSL. Device

output is PoPS from a LuxR-regulated operator. If used in a cell containing TetR then a second input signal

such as aTc can be used to produce a Boolean AND function.

Characteristics Key Parts

Input Swing: 1E-9 to 1E-6 M 3OC6HSL, exogenous BBa_R0040: TetR-regulated operator

Output Swing: 0±1 to 503±1 GFP molecules cfu-1 s-1 BBa_C0062: luxR ORF

Switch Point: 7±1 nM 3OC6HSL, exogenous BBa_R0062: LuxR-regulated operator

LH Response: 9 min (t50%), 27 min (t90%)

BBa_F2620
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*Device output measured indirectly via PoPS-driven fluorescence

from BBa_E0240, [ ] = geometric mean, arbitrary units.  Chassis:

MG1655, device carried on pSB3K3, 5ml culture, supplemented

M9 media, Victor 3 multiwell plate reader.

Demand (low/high input) Stability (low/high input)

Translational:  256/8048 ribosomes cfu-1 Genetic: >92/74 replication events** 

 3.8E3/1.2E5 charged tRNA cfu-1 s-1 Performance: >92/74 replication events** 

Compatibility

Chassis: Compatible with MC4100, MG1655, and DH5!

Plasmids: Compatible with pSB3K3 and pSB1A2

Devices: Compatible with E0240, E0430 and E0434

Crosstalk with systems containing TetR (C0040)

Signaling: Crosstalk with input molecules similar to 3OC6HSL

Registry of Standard Biological Parts
 making life better, one part at a time

 3OC6HSL " PoPS Receiver

Specificity*

Transfer Function*        Response Time*

Stability**

http://parts.mit.edu/registry/index.php/Part:BBa_F2620

Authors:

Barry Canton [bcanton@mit.edu]

Anna Labno [labnoa@mit.edu]

Last Update: 15 January 2007
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License: Public

Conditions (abridged)

Output: Indirect via BBa_E0240

Vector: pSB3K3

Chassis: MG1655

Culture: Supplemented M9, 37ºC

*Equipment: PE Victor3 plate reader

**Equipment:  BD FACScan cytometer
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Design Team (5):
   - DNA engineer
   - RNA engineer
   - Protein engineer
   - Device engineer
   - Chassis engineer

10

Construction Team (3):
   - Construction engineer (1)
   - Construction techs (2)

Characterization Team (4):
   - Characterization engineer (1)
   - Characterization techs (3)

Community Team (4):
   - Community engineer (1)
   - Documentation techs (1)
   - Registry developers (2)

Organization (2):
   - Parts Fab lead (1)
   - Parts Fab manager (1)

Also (#):
   - Chemists (N)
        analytical, biochemical, 
        synthetic
   - Computing (N)
   - Debuggers (N+1)

Users & Applications (internal)
   - have to use the stuff that’s being made

10



Pilot Teams

Postdoc-level lead
Research technician

Parts Fab Lead

Pilot Advisors

Biology
Selections

Measurement
Scale-Up

Fab Advisors

Applications
Technology

Management

Funding
Operations

Production Team

Measurement
Analysis

Documentation
Dissemination

Transition Team

Informatics 
Design

Measurement
Analysis

Documentation
Dissemination

User Group
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Parts Fab Pilot:
   - 3 year run 
   - Given success, ramping up

12

Operational Goals:
   - Team recruited, trained & productive
   - Vibrant designer & user community 
   - Pilot & user projects completed
   - Leader insensitive (qualitative)

12



Pilot Project:
   - Team & process building
   - Good chance of success
   - Can start right away
   - Widespread external utility
   - Enable & improve subsequent work

13

Central Dogma Pilot:
   - Enable forward engineering of DNA, 

RNA, GP levels in E. coli &   S. 
cerevisiae for ~2 dozen components

   - Open loop (largely)
13
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DNA:
   - Replication origins
   - Markers

15

Protein:
   - RBS, 5’UTR, IRES
   - Processing tags

RNA:
   - Promoters
   - Terminators
   - RNase recognition sites
   - Hairpins
   - (Di)codon usage

15



Terminators:
- 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100% η
- At least 10 sequence-distinct instances at each η level

- Leverage informatics resources to support design?

16

How?
- Dual FP test device (colony, culture & microscope)

- Re-sequencing technology?

Quality Levels:
- Level 1.  Works in isolation

- Level 2.  Works in combination

16



Enzymatic saccharification of biomass (to be secreted from engineered fermentation chassis):
Endocellulase
Exocellulase
Beta-glucosidase
Ligninase
Xylanase

Cell wall synthesis:
Glycosyltransferase
Methyltransferase
Acetyltransferase
Class III peroxidase
Laccase
Ascorbate peroxidase
NADPH oxidase
Copper amine oxidase
Oxalate oxidase 

Transporters:
ABC transporters
Aquaglycerolporins

Fuel synthesis pathways:
Acyl-ACP thioesterase
Acetyl-CoA carboxylase
Fatty aldehyde reductase
Fatty alcohol reductase
Fatty acid decarbonylase  

Lipids:
Cyanobacterial desaturase
Thioesterase
Keto-acyl ACP synthase

Prelim. list c/o 
Blake A. Simmons, Ph.D.
Manager, Energy Systems Department
Sandia National Laboratories

17



Known Challenges (Opportunities):

- Potential for data type complexity

- Data type may vary with part type

- Ownership & sharing framework

- Safety & security strategy

- Parallel efforts (eventually)
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Parts framework seems likely to work.  But, 
collecting quality data on failure will require a high 

quality production-scale resource.  

Future ability to usefully engineer information as 
genetic material will be at least as important as our 

current prowess manipulating information via silicon.
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Fostering an open community of parts designers and 
users around a common resource will float all 

(biotechnology) boats, from energy to carbon to 
environment to materials to health.
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