Questions and Answers

Synthetic Biology for Cellular Robotics

http://www.ai.mit.edu/ projects/cellular-robotics

* What are your goals?

To create a new engineering discipline -- synthetic biology -- combining computational and organizational ideas from computer science and implementation technology taken from biology.

* What is special about biology as an engineering technology?

Biology provides the only example of physical systems that self-reproduce and self-repair, and also provides unique advantages in size, power consumption, and an effective interface to the chemical and nanoscale world.

* How do you construct a digital circuit inside a living cell?

We represent digital signals by the presence or absence (the concentration) of a specific protein that binds to DNA.  Rather than separating signals on distinct wires, we represent them with distinct proteins.  The presence of a specific protein within the cell can prevent, through a mechanism called repression, the production of a different protein.  This controlled protein synthesis together with controlled degradation allows us to turn genes on and off, and thus to design and predict cellular functions.  These individual repressor systems, each implementing a logic gate, can then be cascaded together to build more complex digital circuits.

* Will these biological computers replace electronic computers and provide supercomputer performance?

No, the biological circuits we build today are remarkably slow, and even though we can cheaply construct trillions of computational cells (because they self reproduce), they are not likely to become efficient in performing conventional computation.

* Why do you want to build them, if this will not result in faster computers?

Synthetic biology provides us with a unique and different set of capabilities as engineers.  The structures can be remarkably inexpensive, because simple chemical foods provide all of the raw materials and manufacturing needed to make them.  They are far smaller than conventional computers, allowing the construction of complete robotic agents, for example, which are one micron (1 millionth of a meter) in diameter.  Their ability to sense the environment, calculate a response, and to manipulate their actions enables us to program living cells with simple behaviors.

* I've heard that DNA computing will outpace our existing computers. Is this the same idea?

No, DNA is but one component of living cells.  Computation based on the chemical manipulation of DNA strands is typically performed in test tubes, not in living cells, and does not have many of the advantages of living systems.  We also engineer DNA, but then we insert it into living cells, where it can interact with and control cellular functions.

* What are some your accomplishments in this area?

Much of our research has been re-examining well studied natural biological systems and carefully characterizing and modifying their behavior.  This basic engineering work is necessary to construct more complex logical networks from basic components.  Our measurements on simple biochemical inverters allow us to use the output of one inverter as the input to another, with confidence that the resulting structure will function correctly.  This ability to compose simple structures into more complex ones is the cornerstone of engineering.  Based on these principles, we have built circuits with up to three logic gates, as well as several input/output mechanisms, including bioluminesence and cell to cell chemical signaling.

* When will this work move from the laboratory into real applications?

The basic control elements can already be assembled into some very simple functional circuits.  The path to delivering real applications depends on their complexity, the unique interface features needed in the specific application area, and the regulatory and safety issues which arise in applications such as medicine and agriculture.

* What are the safety issues in this work?

We are working entirely with non-pathogenic bacteria (at biosafety level 1 or below).  To put that in context, many high school advanced placement courses utilize some of the same organisms, genes, and control sequences.  The bacteria which we use are intentionally weakened laboratory strains, unlikely to survive outside controlled culture conditions.

* What engineering challenges do you foresee in expanding the use of this technology?

The transition from our current work in controlling simple bacteria to the control of complex multi-cellular organisms such as higher plants is non-trivial.  Bacterial gene expression is much simpler, better understood, and much quicker to engineer than the equivalent structures in higher organisms.

* Why are you doing this work in the Artificial Intelligence Laboratory?

The Laboratory has a long history of applying advanced technology to solving computational problems.  Electronics was the dominant technology of the last century, and it made sense, then, to implement computational artifacts on top of an electronic infrastructure.  Biology promises to be the dominant technology of this century. We believe advanced computation will be built by using ideas from biology and by using biological systems as an implementation technology.

* What can computer scientists and electrical engineers contribute to this field?

Computer scientists are expert at understanding complexity and in constructing complex artifacts.  We bring to the table the tools of abstraction, modularity, and design which have been successfully applied in building complex systems.  Our agenda is to apply these tools not only in an analytic way, but to construct novel systems -- the  field of synthetic biology.

* What are some sample applications you envision?

· “Real time” cellular debugger

· detect complex conditions that satisfy logic statements, maintain history of cellular events

· Engineered crops / farm animals

· toggle switches safely control expression of growth hormones, pesticides

· Biomedical

· combinatorial gene regulation with few inputs,  sense & recognize complex environmental conditions

· Molecular-scale fabrication

· cellular robots that manufacture complex scaffolds

* What types of sensors and actuators are available from natural biological systems?

	Sensors:

Light (various colors)

magnetic field

electric field

antibiotics

salt concentration

temperature

ultraviolet light stress

sugars (various kinds)

chemical signaling molecules

specific peptides

cell cycle state
	Effectors:

Light, fluorescence (various colors)

enzyme export

antibiotic resistance / production

internal salt concentration

flagellar direction

gliding motion

chemical signaling molecules

sporulation

antibodies

pH

selective chemical import and export


We gratefully acknowledge the support of Darpa/ONR (N00001496-1-1228) and the NTT/MIT Collaboration (MIT9904-10).

