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The computing revolution began over two thousand years ago with mechanical calculating machines such as the
Antikythera mechanism. Subsequent developments produced sophisticated clockwork automata for controlling the
machinery of the industrial revolution, and culminated in Babbage’s remarkable design for a programmable mechan-
ical computer in 1838. With the electronic revolution of the last century, the speed and complexity of computers in-
creased dramatically. Using embedded computers we now program the behavior of a vast array of electro-mechanical
devices, from cell phones to automobile engines to power grids. The history of computing has taught us two things:
first, that the principles of computing can be embodied in a wide variety of physical substrates from gears and springs
to transistors, and second that the mastery of a new physical substrate for computing has the potential to transform
technology.

Another revolution is just beginning, one that will result in new types of programmable systems based on molecules.
Like the previous revolutions, this “molecular programming revolution” will take much of its theory from computer
science, but will require reformulation of familiar concepts such as programming languages and compilers, data struc-
tures and algorithms, resources and complexity, concurrency and stochasticity, correctness and robustness. It will
be interdisciplinary, drawing inspiration, problems, and solutions from all the molecular sciences—molecular biol-
ogy, chemistry, materials science, thermodynamics—and giving back tools for the analysis and synthesis of complex
molecular systems. With molecular programming, chemistry will become the new information technology of the 21st
century.

To appreciate the potential of embedding computation within molecularly-defined systems, consider the remark-
able impact that embedded microprocessors have had for technologies based on electro-mechanical systems, from cell
phones and microwave ovens to automobile engines and airplane autopilots to factory automation and autonomous
robots. As an example, inspired by the hardy pack dog (Fig. 1a), an autonomous load-carrying robot for rugged ter-
rain (Fig. 1b) is engineered from basic parts such as mechanical and structural components, a variety of sensors and
actuators, a power system, and a central processing unit that directs the robot’s behavior. None of these parts has a bi-
ological origin, though some materials and design principles may be shared. If we take a single-celled organism—and
its capabilities for interacting with and manipulating its molecular environment—as inspiration for molecular engi-
neering (Fig. 1c), we might anticipate that armed with an analogous diversity of molecular-scale parts for structures,
sensors, actuators, and logic, it should be possible to build molecularly-defined autonomous robotic systems based on
similar principles though perhaps constructed using different materials. Though rudimentary compared to biological
cells, the first such “molecular robots” are now appearing (Fig. 1d). Perhaps surprisingly, at this scale energy, infor-
mation, and material are all naturally carried by the same class of molecules. For example, the nucleic acids DNA and
RNA can encode genomes, can act as molecular machines such as the ribosome that synthesizes proteins, and their
minimal building blocks can be energy carriers such as ATP and GTP. Consequently, more so than at the macroscopic
scale, molecular programming spans from structural mechanisms to computational mechanisms. Just as in macro-
scopic robots, the informational aspect is pervasive and essential in complex systems built from information-bearing
molecules.

A molecular program is a collection of molecules that can carry out a task, such as performing a computation,
fabricating an object, or controlling a system of molecular sensors and actuators. Defined as such, biology is rife with
molecular programs controlling subcellular functions and intercellular interactions. There are many extant molecular
programs outside of biology as well, for example, in vitro (test tube) processes such as the polymerase chain reaction
(PCR) for amplifying genetic information and techniques for assembling and manipulating synthetic genomes can
be considered simple molecular programs; however, existing artificial molecular programs are limited in complexity
when compared either to circuits in computer science and electrical engineering or to naturally occurring molecular
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Fig. 1: (a) A pack dog. (b) Boston Robotics’ “BigDog” pack robot. (c) The single-cell ciliate Euplotidium itoi. (d) A molecular-
scale drug-delivery robot using DNA nanotechnology.
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programs in biology. There is no doubt that artificial molecular programs will increase in complexity and scope of
application as biotechnology and biological engineering develops.

Just as the products of previous information revolutions were often unanticipated, the products of molecular pro-
gramming are impossible to predict. However, we believe that molecular programming will allow fabrication and
control of artifacts whose parts are arranged with nanoscale precision, that these artifacts eventually will have com-
plexity comparable to that of biological organisms, and that the fabrication paradigms of molecular programming will
be inspired by biological growth and development. Thus, molecular programming is not a subfield of biology, nor
is it engineering done in the service of understanding biology; the goal of molecular programming is to understand
how to program the behavior of complex molecular systems of all varieties. If successful, it will vastly increase the
scale of the distributed systems studied by computer science—potentially treating systems with an Avogadro’s num-
ber (6 × 1023) of components—while at the same time extending computer science’s reach into places previously
undreamed of, making embedded computation ever more pervasive in man-made artifacts.

To transform today’s approach in the molecular sciences into tomorrow’s information technology, we first must
learn how to program molecular systems—thus five years ago was born the Molecular Programming Project (MPP) as
one of the first NSF Expeditions in Computing, with the goals of establishing foundational theory, software, demon-
stration systems, real-world applications, and a community of molecular programmers. Major accomplishments in-
cluded fundamental theory for programming and implementing chemical reaction networks and establishing intrinsic
universality of molecular self-assembly, the development of rigorous and efficient DNA sequence analysis and design
algorithms that have been made available online via NUPACK, experimental demonstrations ranging from large-scale
nucleic acid circuits and simple molecular-scale robots to dynamic protein-based circuits in test tubes and in living
cells, applications for the construction of carbon nanotube circuits and nanodevice layout and for multiplexed imaging
of mRNA expression within intact biological specimens, and a series of annual workshops that helped establish a
community invested in developing and applying molecular programming. With these remarkable successes creating a
first generation of prototypes and proofs-of-concept that established the potential of molecular programming, we aim
to establish molecular programming as a widespread scientific and technological capability in the coming century.
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include gro!
alpha := 0.75;!
program p() := {!
  gfp := 0;!
  r := [ t := 0 ];!
  selected & just_divided : { !
    print ( "At time ", r.t, ": !
        After division, cell ", id, !
        " has ", gfp, " gfp molecules" ) !
  }!
  rate ( alpha * volume ) : {!
    gfp := gfp + 1!
  }!
  true : { !
    r.t := r.t + dt!
  } !
};!
stemcell ( [], program p() );!
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MPP	  Leadership:	  
DNA nanotechnology 
DNA self-assembly 
DNA computing 
DNA origami 
Nanofabrication 
 

Complexity theory 
Stochastic circuits 
Fault tolerance 
Neural networks 
Parallel distributed 

systems 

Applied mathematics 
Nucleic acid design 
Fluorescence imaging 
Molecular instruments 
Computational 

optimization 
 
 
 
 

Control theory 
Robotics 
Stochastic circuits 
Synthetic biology 
Programming 

languages 
 
 

Control theory 
Robotics 
Biochemical circuits 
Synthetic biology 
Robust engineering 

Complexity theory 
Self-assembly 
Biochemical circuits 
Molecular robotics 
Models of computation 
Biophysics 
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MPP	  Vision:	  
Biological	  inspiraEon	  and	  challenge:	  

chemistry	  is	  an	  informaEon	  technology	  

MPP	  Research	  Highlights:	  

MPP	  EducaEon	  and	  Outreach:	  

NUPACK:	  soMware	  for	  nucleic	  acid	  system	  design	  and	  analysis	  

gro:	  a	  programming	  language	  for	  mulEcellular	  systems	  in	  vivo	  •  MPP annual workshops, 2009-2012 
 ~40 MPP members, ~30 external participants 

•  DNA Computing & Molecular Programming, 2011 
•  genelet wet lab tutorial, 2011 
•  gro workshop, 2012 
•  YouTube science presentations: 68,000+ views 

Experimental implementation and tuning of a bistable circuit in Escherichia coli 

Jang, Oishi, Egbert, Klavins, ACS Synthetic Biology, 2012 Egbert, Klavins, PNAS, 2012 

Zadeh, Steenberg, Bois, Wolfe, Pierce, Khan, Dirks, Pierce, J Comp Chem, 2011 

material = rna    !
temperature[C] = 23.0!
sodium[M] = 1.0!
!
structure stickfigure = !
    U2D8(U2D6(D6(U3+!
      )D3U9D6(U2+U1))U2D8(U2+U1))U1!
!
domain a = AUGC N23!
domain b = N29!
domain c = N20 GCGCU!
domain d = N18!
!
stickfigure.seq = a b c d!

stickfigure_strand1 = 
AUGCUUCGCCAUGGUAGGUCACUCGGC 

stickfigure_strand2 = 
GAGUGAGACAGCCUUAAAGUCCUCGUCUA 

stickfigure_strand3 = 
GGACGAGCCUACCUAGAGUCGCGCU 

stickfigure_strand4 = 
ACGCGACUCGGCGAAGCG 

Specification Design Analysis 
Additional features: 

•  Multistate specification for reaction pathways 

•  Partition function and base pairing probabilities 

•  Test tube design for equilibrium concentrations 

•  External (biological) sequence constraints 

•  Web server or downloadable code 

Biological inspiration: 

•  Manufactured with atomic precision 

•  Chemical synthesis of complex molecules from simple foods 

•  Chemical synthesis of nanometer-sized molecular machines 

•  Parallelism scale reaching Avogadro’s number (1024 units) 

•  Biochemical circuits, developmental programs, brains 

•  Grows from a single cell 

•  Gigabit program encoded in every cell 

Molecular programming challenges: 

•  Requires general-purpose molecular design 

•  Incomplete knowledge, uncertain parameters 

•  Asynchronous, stochastic, probabilistic behavior 

•  Faulty, unreliable components 

•  Inseparable energy, material, information carriers 

•  Critical role of geometry and mechanical factors 
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folding 

self-assembly 

multicellular systems 

reaction networks 

4. Abstract Models
(components and algorithms)

3. Chemical State Models
(reaction mechanism)

2. Secondary Structure Models
(structural mechanisms)

0. Molecular Execution
(laboratory implementation)

A + B           C

1. Primary Structure
   (DNA sequence) ...ACGTGGCCA...

analyzecompile

analyzecompile

analyzecompile

analyzecompile

nucleic acids: DNA and RNA 

protein enzymes: polymerase, ribosome, … 

living cells 

DNA 
origami 

breadboard 

molecular device fabrication by self-assembly 

z=28µm

programmable molecular instruments for science 

reprogramming cellular circuits and behavior 

Courses,	  books,	  teams	   Workshops,	  conferences,	  tutorials	  

Tools	  and	  technologies	  ArEsEc	  
collaboraEons	  

People	  
•  Biomolecular Computation (Caltech) 
•  Biomolecular Engineering (Caltech) 
•  Systems Biology (Caltech) 
•  Information and logic (Caltech) 
•  Feedback Systems (Caltech) 
•  Mathematical Synthetic Biology (UW) 
•  Synthetic Biology Design Lab (UW) 
Book: Biomolecular Feedback Systems  
          by Murray & Del Vecchio (on line) 
Undergraduate competitions: BIOMOD, iGEM 

2 high school students 
33 undergraduates 
25 graduate students 
11 postdocs 
3 programmers 
 
8 alumni hired as academic faculty (50% women) 
MIT, Harvard, Caltech, Rice, JHU, UW, UCR, NTU  

Local	  high	  school	  visiEng	  days	  

Specification and simulation of a colony edge-detection subroutine  
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DNA	  seesaw	  circuits:	  scaling	  up	  in	  vitro	  biomolecular	  circuitry	  

Qian, Winfree, Science, 2011 

130 
DNA 
strands!

Human !
input 

Qian, Winfree, Bruck, Nature, 2011 

Fig. 2: Overview of the Molecular Programming Project. See also http:www.molecular-programming.org.
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