










demonstrated a two-layer, linear assembly of TX
tiles that executed a bit-wise cumulative XOR
computation. In this computation, n bits are input
and n bits are output, where the ith output is the
XOR of the first i input bits. This is the computa-
tion occurring when one determines the output
bits of a full-carry binary adder circuit. The exper-
iment [3] is described further in the sidebar
“Sequential Boolean Computation via a Linear
DNA Tiling Assembly.” This experiment [3] pro-
vided answers to some of the most basic questions
that are most likely to be of interest and concern to
a computer scientist: 

How can one provide data input to a molecular
computation using DNA tiles? In this experiment
the input sequence of n bits was defined as an
“input” ssDNA strand with the input bits (1s and
0s) encoded by distinct short subsequences. Two
different tile types (depending on whether the
input bit was 0 or 1, these had specific stick-ends
and specific subsequences at which restriction
enzymes can cut the DNA backbone) were avail-
able to assemble around each of the short subse-
quences comprising the input strand, forming the
blue input layer illustrated in the sidebar “Sequen-
tial Boolean Computation via a Linear DNA Tiling
Assembly.”

How can one execute a step of computation using
DNA tiles? To execute steps of computation, the
TX tiles were designed to have pads at one end that
encoded the cumulative XOR value. Also, since the
reporter strand segments ran though each such tile,
the appropriate input bit was also provided within
its structure. These two values implied the oppos-
ing pad on the other side of the tile to be the XOR
of these two bits.

How can one determine and/or display the output
values of a DNA tiling computation? The output in
this case was read by determining which of two
possible cut sites (endonuclease cleavage sites) were
present at each position in the tile assembly. This
was executed by first isolating the reporter strand,
then digesting separate aliquots with each endonu-
clease separately and the two together. Finally these
samples were examined by gel electrophoresis, and
the output values were displayed as banding pat-
terns on the gel.

Another method for output is the use of atomic
force microscopy (AFM) observable patterning. The
patterning was made by designing the tiles comput-
ing a bit 1 to have a stem loop protruding from the
top of the tile. The sequence of this molecular pat-
terning was clearly viewable under appropriate AFM
imaging conditions.

COMMUNICATIONS OF THE ACM September  2007/Vol. 50, No. 9 51

DNA NANOSTRUCTURES
A DNA nanostructure is a multi-molecular complex consist-
ing of a number of ssDNA that have partially hybridized
along their subsegments. The field of DNA nanostructures
was pioneered by Seeman [7]. Particularly useful types of
motifs often found in DNA nanostructures include:

• Stem-loop and sticky end. A stem-loop (A), where ssDNA
loops back to hybridize on itself (that is, one segment of the
ssDNA (near the 5’ end) hybridizes with another segment
further along (nearer the 3’ end) on the same ssDNA
strand). The shown stem consists of the dsDNA region with
sequence CACGGTGC on the bottom strand. The shown
loop consists of the ssDNA region with sequence TTTT.
Stem-loops are often used to form patterning on DNA
nanostructures. A sticky end (B) is where unhybridized
ssDNA protrudes from the end of a double helix. The sticky
end shown (ATCG) protrudes from dsDNA (CACG on the
bottom strand). Sticky ends are often used to combine two
DNA nanostructures together via hybridization of their com-
plementary ssDNA. The figure shows the antiparallel nature
of dsDNA with the 5’ end of each strand pointing toward
the 3’ end of its
partner strand.

• A Holliday junction,
where two parallel
DNA helices form a
junction with one
strand of each
DNA helix (blue
and red) crossing
over to the other
DNA helix. Holliday
junctions are often
used to tie together
various parts of 
a DNA nanostruc-
ture. c

A stem-loop and a sticky end.  

A Holliday junction 
(created by Miguel Ortiz-Lombardía, 

CNIO, Madrid, Spain).



Although only very simple computations, the
experiments of [3] and [10] demonstrated for the
first time methods for autonomous execution of a
sequence of finite-state operations via algorithmic
self-assembly, as well as for providing inputs and
for outputting the results. 

Autonomous Finite-State Computations via
Disassembly of DNA Nanostructures. An alterna-
tive method for autonomous execution of a
sequence of finite-state transitions was subse-
quently developed by [8]. Their technique essen-
tially operated in the reverse of the assembly
methods described previously and instead was
based on disassembly. They began with a linear
DNA nanostructure whose sequence encoded the
inputs and then executed a series of steps that
digested the DNA nanostructure from one end.
On each step, a sticky end at one end of the nanos-
tructure encoded the current state, and the finite
transition was determined by hybridization of the
current sticky end with a small “rule” nanostruc-
ture encoding the finite-state transition rule. Then
a restriction enzyme, which recognized the
sequence encoding the current input, as well as the
current state, cut the appended end of the linear
DNA nanostructure to expose a new a sticky end
encoding the next state.

CONCLUSION

Other significant topics, not addressed in this arti-
cle include:

• Assembling patterned and addressable 2D DNA
lattices, such as attaching materials to DNA
[11], and methods for programmable assembly
of patterned 2D DNA lattices [5, 6, 9]. 

• Autonomous molecular transport devices self-
assembled from DNA [3, 12]. 

• Future challenges for self-assembled DNA
nanostructures, such as error correction and self-
repair at the molecular scale [4], and 3D DNA
lattices.  

In attempting to understand these modern
developments, it is worth recalling that mechanical
methods for computation date back to the very
onset of computer science, for example, to the cog-
based mechanical computing machine of Babbage.
Lovelace stated in 1843 that Babbage’s “Analytical
Engine weaves algebraic patterns just as the
Jacquard-loom weaves flowers and leaves.” In some
of the recently demonstrated methods for biomol-
ecular computation, computational patterns were
essentially woven into molecular fabric (DNA lat-
tices) via carefully controlled and designed self-
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DNA TILES

Seeman and Winfree in 1998 developed a family of DNA tiles known collectively as DX tiles (see left tile (a)) that consisted of
two parallel DNA helices linked by immobile Holliday junctions. They demonstrated that these tiles formed large 2D lattices,
as viewed by AFM. (b) Subsequently, other DNA tiles were developed to provide for more complex strand topology and inter-
connections, including a family of DNA tiles known as TX tiles (see b) composed of three DNA helices. Both the DX tiles and
the TX tiles are rectangular in shape, where two opposing edges of the tile have pads consisting of ssDNA sticky ends of the
component strands. In addition, TX tiles have topological properties that allow for strands to propagate in useful ways
through tile lattices (this property is often used for patterning DNA lattices). (c) Other DNA tiles known as Cross-Over tiles
(see d) [10] are shaped roughly square, and have pads on all four sides, allowing for binding of the tile directly with neighbors
in all four directions in the lattice plane. c

DNA tiles. 

(a) (b) (c) (d)



assembly processes [6, 9]. We have observed that
many of these self-assembly processes are computa-
tional-based and programmable, and it seems likely
that computer science techniques will be essential
to the further development of this emerging field of
biomolecular computation.  
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SEQUENTIAL  BOOLEAN 
COMPUTATION VIA A 
LINEAR DNA TILING 
ASSEMBLY

The figure here shows a unit TX tile (a) and the
sets of input and output tiles (b) with geometric
shapes conveying sticky-end complementary
matching. The tiles of (b) execute binary compu-
tations depending their pads, as indicated by the
table in (b). The (blue) input layer and (green)
corner condition tiles were designed to assemble
first (see example computational assemblies (c)
and (d)). The (red) output layer then assemble
specifically starting from the bottom-left using
the inputs from the blue layer. (See [3] for more
details of this molecular computation.) The tiles
were designed such that an output reporter
strand ran through all the n tiles of the assembly
by bridges across the adjoining pads in input,
corner, and output tiles. This reporter strand was
pasted together from the short ssDNA
sequences within the tiles using ligation enzyme
mentioned previously. When the solution was
warmed, this output strand was isolated and
identified. The output data was read by experi-
mentally determining the sequence of cut sites.
In principle, the output could be used for subse-
quent computations. c

Sequential Boolean 
computation via a linear DNA

tiling assembly (adapted 
with permission from [3]).

(a)

(b)

(c)
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