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Living Cell, Cambridge University
Press, 1945). Now, nearly 60 years
later, computer scientists are joining
forces with molecular biologists and
chemists to explore the potential for
computation using information-carrying
biological polymers such as nucleic
acids (DNA and RNA). “DNA com-
puting is a subset of molecular com-
puting,” says Nadrian C. Seeman, a
chemist at New York University. “The
key feature of DNA for computing is its
information content.” 

A number of labs are taking different
approaches, but all take advantage of
the complementarity of the two
strands of double-stranded DNA, and
the ability of strings of DNA subunits
(called bases or nucleotides) to bind to-
gether using Watson-Crick pairing (A
[adenosine] with T [thymidine] and C
[cytosine] with G [guanidine]), says
Seeman. In essence, says DNA com-
puting researcher Erik Winfree of the
California Institute of Technology in
Pasadena, there is a code of “stick” or
“don’t stick,” with DNA chains either
binding to form regions of double-
stranded molecules or remaining free
as regions of single-stranded DNA.
“Why does anyone care about molec-
ular computing?” Seeman asks. “Be-
cause you get to use molecularity’s

enormous parallelism. In a small vol-
ume, you can have 1012 to 1013 differ-
ent molecules.” These molecules can
each function in parallel, and users can
select the right answer.

From Turing machines to
DNA computing

When Alan Turing proposed the fi-
nite automata concept—the theory un-
derlying digital computers—in 1936,
he left the device’s physical nature un-
specified. In most descriptions of au-
tomata, they are represented by a tape
on which symbols are written and
erased, systems to read and write the
symbols, and a set of rules that act on
the initial set of input symbols. Within
decades, electronic devices were used
to construct such computing devices—
first using vacuum tubes, then transis-
tors. Leonard Adleman demonstrated
the possibility of using DNA for com-
putation in 1994 by solving a seven-
node graph problem (finding a path
that visits each node exactly once) us-
ing recombinant DNA techniques. In
his experiment, a sequence of short,
single-stranded DNA polymers (oligo-
nucleotides) encoded the names of
nodes, a self-assembly technique then
generated a library of possible solu-
tions, recombinant DNA techniques

selected those sequences that met the
problem’s requirements, and gel
eletrophoresis—a standard technique
for separating macromolecules—
served as the means of output. Since
his experiment, several other laborato-
ries have produced demonstration sys-
tems that use DNA’s properties to solve
more complicated problems, but to op-
erate they need full-scale laboratories
and human intervention. 

Ehud Shapiro of the Weizmann Insti-
tute of Science in Rehovot, Israel, and his
colleagues at Technion-Israel Institute of
Technology in Haifa demonstrated the
possibility of constructing an auto-
nomous computing device from macro-
molecules. In the 21 November 2001 is-
sue of Nature, Shapiro and his colleagues
report the development of a macromole-
cular version of a two-state finite au-
tomaton with an alphabet of two input
signals (“a” and “b” are each represented
by six-nucleotide sequences) and a six-nu-
cleotide termination sequence. Eight dis-
tinct, short, double-stranded DNA mol-
ecules represented the eight possible
transition rules operating on “a” and “b.” 

Transition rules are expressed
through specific molecular biological
events. Enzymes that recognize and
act on specific DNA base sequences—
either by cleaving a recognized se-
quence to form a four-base-long sticky
end (FokI) or by creating a chemical
bond (ligation) between fragments of
single-stranded DNA held adjacent by
an overlapping complementary se-
quence (ligase)—cause transitions ac-
cording to the rules. A double-stranded
DNA molecule also represents the au-
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tomaton’s initial state, and DNA molecules with unpaired
sticky ends act as output detectors. Once set up, the liquid-
phase “computer” functions without additional interven-
tion—though human intervention is needed to observe the
output molecules that are formed. Shapiro likens this addi-
tional step to a computer program calling the print command
of an operating system to type out its results.

Shapiro, who was in computer science before he became
interested in biomolecular computing, says that his goal is
to construct nanoscale DNA computers that operate in liq-
uid phase. His reaction mixture, a volume of 120 microliters,
contains approximately 1012 automata sharing the same soft-
ware and running in parallel. In some of his team’s experi-
ments reported in Nature, they used equal amounts of dif-
ferent inputs, and they discovered all of the expected
outputs. “We’re not aiming for high performance comput-
ing at all. These are not complicated problems we’re trying
to solve,” Shapiro says.

DNA computing’s limitations
A current limitation to this branch of DNA computing is

the use of natural enzymes, which only recognize and act on
certain nucleotide sequences. The development of designer
enzymes that can identify additional sequences might take
decades, Shapiro notes. “In the medium term, we can envi-
sion biotechnology applications for such automata, such as to
analyze DNA without first sequencing it,” Shapiro says. In
the longer term, he foresees construction of artificial “cells”
with synthetic-DNA programming. “A lot of processes in the
living cell resemble computing in fundamental ways.” 

Other researchers have reported liquid-phase systems for
DNA computing. Laura Landweber and her Princeton Uni-
versity colleagues’ article in Proceedings of the National Acad-
emy of Sciences’ 15 February 2000 issue used a hybrid DNA-
RNA computing system to compute solutions to a variant of
a well-known chess problem. The “Knight problem” asks
what configurations of knights can be placed on a chess
board with n squares on a side such that none of the knights
is attacking another. RNA strands with 10 bits (each bit rep-
resented by 15 nucleotides separated by 5-nucleotide spac-
ers) were randomly synthesized. In this approach, an en-
zyme, RNase H, breaks down those RNA chains that did not
meet the problem’s constraints by attacking the RNA strand
of DNA-RNA hybrid molecules. 

The Princeton researchers write in their PNAS article, “A
value of 0 or 1 is assigned to a specific bit position by de-
stroying all strands in the RNA library which do not have the
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value at this position.” Researchers repeat this process by ap-
plying the other constraints, and DNA molecules comple-
mentary to the remaining RNA strands were generated us-
ing polymerase chain reaction. The researchers sequenced
complementary DNA to the resulting 43 distinct RNA mol-
ecules, and read them by sequencing the DNA. Of the 94
possible solutions to a 3x3 Knight problem, the researchers
randomly selected 42 proper solutions; one solution, involv-
ing an illegal placement of a knight, was incorrect, giving a
97.7 percent success rate in finding correct solution strands. 

Originally, the goal of DNA computing, as envisioned by
Adleman and others, was to solve numerical problems. “You
pose some hard optimization problems, convert it into DNA
and use DNA’s massive parallelism to search a large number
of possibilities, with a chemical reaction to filter out the ones
you don’t want,” Winfree says. In contrast, much of the re-
search underway in DNA computation is about self-assem-
bly of structures, “gaining a different kind of control on
molecular processes.” Researchers in this field are “essen-
tially using the idea of an algorithm in information process-
ing—a specific set of rules that can be iterated to accomplish
some task” and applying it to chemical tasks. “The task is
now one in which you have chemical input—the compo-
nents for the structure you want to build—and chemical out-
put—the final structure,” Winfree says. Because an algo-
rithm is involved, the assembly can be viewed as a form of
computation. “It’s another case where the tools and concepts
of computer science are brought to bear on how to solve the
problem.”

In particular, Seeman and collaborator John Reif of Duke
University in Durham, North Carolina, have used DNA
structures to form self-assembling tilings, analogous to
Wang tiles in which the multicolored tiles self-assemble to
form a mosaic with the same color flanking every edge of the
mosaic. Instead of colors, the “tiles” are multi-armed hybrid
DNA molecules with four arms, each with a single-stranded
sticky end, says Seeman. The sticky ends are very important,
giving predictable affinity and structure to the molecules.
“About a year and a half ago, we reported a cumulative XOR
[exclusive OR] computation” by self-assembly of these DNA
tiles, Seeman says. “The nice thing about such systems is
that it appears that they will scale nicely.”

DNA technology—building computers or
robots?

The self-assembly properties of DNA suggest an indirect
application to computing, says Winfree. “For example, one
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thing that people think seriously about is how to create ex-
tremely small electrical circuits where the components are
now on the molecular scale.” At that scale, lithography, if
feasible at all, would be horribly expensive. “Could you
chemically synthesize the components of an electrical cir-
cuit, like [the pieces of] a jigsaw puzzle, toss them into a
chemical reaction, shake it for awhile, and have the correct
circuit pattern create itself?” he asks. On paper, it looks like
some simple electrical circuits could be assembled in this
manner. “The question becomes, can we use DNA as the
mechanism for directing the self-assembly of these circuits?”

A limitation for such applications is the error rate in self-
assembly—“sometimes pieces that are supposed to stick
don’t stick in place and sometimes pieces that are not sup-
posed to stick, stick in place,” Winfree notes. “What we have
to understand is what controls the specificity in the DNA
structures that we design, and how we control the error rate
through physical factors, such as DNA sequences’ temper-
ature and design.” Controlling the starting point from which
the self-assembly begins is important to controlling the
process, he says.

The concept of self-assembly, which biological systems

have evolved to form such structures as viruses, flagella, and
microtubules (which serve as structural and motile compo-
nents of cells), can lead the way to using DNA as the basis
of nanorobotics. DNA-tilings researchers see the opportu-
nity to use self-assembly to form designer materials. Because
DNA is found in two physically different forms (B-DNA
and Z-DNA, depending on how the nucleotide chains coil),
this suggests a mechanism for using DNA for nanorobotic
actuators. Actuators that produce either rotational or trans-
lational motion have been demonstrated, but development
of DNA actuators that do both has not, says Reif. 

Thus, it appears that macromolecular computing is blur-
ring the lines between computing, materials science, and ro-
botics. At least at the molecular scale, it might be possible to
use the same class of molecules to build, program, and op-
erate molecular-scale devices whose applications have only
been foreshadowed by science fiction.
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