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Summary. In this paper, I ﬁrst describe the directions of current research in the
ﬁeld of DNA and molecular computing by summarizing a recent international conference in this ﬁeld: DNA8, the Eighth International Meeting on DNA Based Computers. Research in this ﬁeld has clearly shifted from purely mathematical computations
to broader applications in nanotechnology and biotechnology, and the principles and
methods for designing molecular systems with information-processing capability for
such applications are considered important. We call research into designing such
molecular systems molecular programming. This paper reviews existing models of
DNA and molecular computation and analyzes the results of these models, and then
brieﬂy describes some methods for molecular programming, including sequence design. It ﬁnally touches on molecular machines made of DNA, the current focus of
molecular programming.

1 Introduction
Several years have passed since the direction of research in the ﬁeld of DNA
and molecular computing shifted from purely mathematical computation to
much broader applications in nanotechnology and biotechnology [12, 13]. This
means that principles and methods developed in the ﬁeld are now being applied to non-mathematical problems, such as constructing molecular machines
and analyzing the human genome. A few years ago, while developing his DNA
computer for solving 3-SAT problems [47], Suyama insisted that if a DNA
computer could solve 3-SAT problems accurately, then the computer could be
used to analyze the human genome and produce reliable results that could be
used for medical diagnosis [40, 35].
Another possible direction in research is towards applying evolutionary
computation to molecular evolution. There was once interest in performing
evolutionary computation with molecules, but now it is thought that applying
methods established in evolutionary computation, such as the genetic algorithm or programming, to molecular evolution will be more fruitful [31]. Since
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evolution can be regarded as a kind of computation, this direction is considered to be yet another application of molecular computing in a broad sense.
These new directions in the ﬁeld were also topics at a recent international
conference on DNA and molecular computing, i.e., DNA8, the Eighth International Meeting on DNA Based Computers [14], which was held in Sapporo,
Japan, on June 10–13, 2002 (Fig. 1). Here, I brieﬂy touch on the presentations
at the conference and summarize current research trends.
Research in this ﬁeld is increasingly being directed towards developing
principles and methods for designing molecules and molecular systems that
not only solve purely computational problems, but also the broader problems
mentioned above. To solve such problems, a computing perspective is still
important, because some kind of informationprocessing is always involved. For
example, molecular machines should have information processing capability
at the molecular level. Analyzing human genomes is nothing but processing
information on genes and their products. Any molecular system that is capable
of information processing is considered a subject of this ﬁeld.
In order to construct such molecular systems, we need to have a deep
understanding of what molecules can compute. This is exactly the question
that researchers in the ﬁeld of DNA and molecular computing have been
hoping to answer, and many models of DNA and molecular computation have
been proposed. In this paper, I very brieﬂy summarize the models used for
molecular computation and the results of analyses of the computational power
of the models, including computability and complexity.
The increasing power of these models is allowing the ﬁeld to expand as
they are applied to broader applications. This requires research on design
and construction. I use the term molecular programming to include research
into designing molecules and molecular systems with information processing capabilities. The word programming suggests that designing molecules
and molecular systems is like programming electronic computers. A typical
example of molecular programming is designing DNA nucleotide sequences.
Sequence design is one of the most important aspects of DNA computing,
because it greatly inﬂuences the accuracy and eﬃciency of DNA computation. By hybridization, DNA molecules interact with each other and form
complex structures or even machines encoded in their sequences. Moreover,
the sequences of molecules with enzymatic functions, such as RNA and proteins, control their own reactions. Designing the sequences of such molecules
is simply programming their behavior.
Needless to say, programming molecules and molecular systems involves
many complex computational problems that are themselves good research subjects in computer science. In this paper, I brieﬂy describe some methods of
molecular programming, including sequence design. Finally, I touch on molecular machines made of DNA, which are currently the main target of molecular
programming.
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2 DNA8
DNA8, the Eighth International Meeting on DNA Based Computers, was held
on June 10–13, 2002, at Hokkaido University, in Sapporo, Japan [14]. There
were about 100 participants, including around 50 from overseas. I chaired the
programming committee, and Azuma Ohuchi, of Hokkaido University, chaired
the organizing committee. This conference series was organized under the aegis
of the steering committee chaired by Grzegorz Rozenberg at the University of
Leiden.

Fig. 1. DNA8

The sessions at DNA8 are listed below, along with some of the prominent
speakers, some of whom were invited to speak.
• Molecular Evolution
– Willen P. C. Stemmer (invited)
• Computing by Self-Assembly
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– Nadrian C. Seeman
• DNA Computing and Nanotechnology
– Tomoji Kawai (invited)
– John H. Reif and Thomas H. LaBean
• Applications to Graph Problems
• Applications to Biotechnology and Engineering
– Akira Suyama (invited)
– Ron Weiss
• Nucleic Acid Sequence Design
• Theory
– Tom Head (invited)
– Pierluigi Frisco and Sungchul Ji
• Autonomous Molecular Computation
– Bernard Yurke (invited)
– John H. Reif
The sessions Computing by Self-assembly, DNA Computing and Nanotechnology, and Autonomous Molecular Computation were all concerned with
DNA nanotechnology, an emerging subﬁeld of nanotechnology that is based on
DNA and related molecules. In particular, the session Autonomous Molecular
Computation was about molecules that move, i.e., molecular machines.
There were two particularly interesting talks in the session on Applications
to Biotechnology and Engineering. One was the invited talk by Suyama about
applications of DNA computing to genomic analysis. The other was by Basu,
Karig and Weiss, who are trying to engineer signal processing in E. coli to
make a sensor that detects a band at a particular molecular concentration [4].
The session on Nucleic Acid Sequence Design included many interesting
talks about sequence design. In DNA8, interest moved towards secondary
structure design, i.e., designing the sequences that fold into intended secondary structures [15].
In summary, classical Adleman-style DNA computing seems to be disappearing, while applications to nanotechnology and biotechnology are becoming
central issues.
• The ﬁeld of DNA nanotechnology treats both the construction and motion
of structures.
• Even sequence design is geared towards DNA nanotechnology, as secondary
structure design is becoming an important issue.
• Applications in genomic analysis are also becoming realistic. For example,
Suyama proposed using his DNA computer for gene expression analysis
and SNP analysis. Cell engineering is not a dream any more. Weiss et al.
are trying to engineer cells to make sensors. This is a movement towards
in vivo molecular computing [41].
• In the past, DNA computing ﬂourished as a result of theoretical contributions related to the splicing system (or H-system) [28] and membrane system (or P-system) [27]. There were some interesting and important talks in
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the theory session of DNA8. Nevertheless, theoretical contributions seem
stalled, and the theory of DNA computing needs breakthroughs.
Lastly, I must mention that a number of chemists attended the conference,
including Tomoji Kawai of Osaka University, who gave an invited talk about
DNA nanotechnology, and Sen, who talked about electron transfer in DNA.
Research on nanotechnology will involve increasing cooperation with chemistry and increasing numbers of chemists will likely develop an interest in the
ﬁeld.

3 Models for Molecular Computation and Their Analysis
In this section, I brieﬂy summarize the models for molecular computation and
analyze their computability and complexity. The analysis is intended to reveal
the computational power of molecules and molecular reactions.
3.1 Computational Models
Adleman-Lipton Paradigm and its Reﬁnements
I do not intend to explain the Adleman-Lipton paradigm in detail here [1,
22]. It is the ﬁrst paradigm for DNA computing, and became the basis of
many succeeding computational paradigms. It is a paradigm for solving a
combinatorial search problem by 1) randomly generating solution candidates
by hybridization of DNA, where each hybridized DNA molecule encodes a
candidate, and 2) extracting solutions using data-parallel computation, where
each experimental operation in a test tube is applied in parallel to all the
molecules in the test tube.
I will mention two reﬁnements of the paradigm. To solve 3-SAT problems, Suyama proposed a molecular algorithm in which solution candidates
are not generated at once, but partial candidates are generated and gradually extended to form complete ones [47]. Once the partial candidates have
been generated, those that can never be completed are immediately removed.
This strategy reduces the number of candidates generated during computation. Suyama calls the strategy dynamic programming, because variables are
ordered and each variable is processed according to the result of processing
its preceding variables. Ogihara and Ray proposed a similar algorithm that
they called counting [26].
Sakamoto et al. developed another reﬁnement for 3-SAT problems [37].
Their machinery is called the SAT Engine, and it makes use of hairpin structures in DNA molecules (Fig. 2). In the SAT Engine, complementary literals
are encoded by complementary nucleotide sequences in the sense of Watson and Crick. If a single-stranded DNA molecule contains two literals that
are inconsistent with each other, i.e., a variable and its negation, then the
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molecule forms a hairpin. This means that inconsistent assignments correspond to molecules containing a hairpin, so a SAT problem can be solved
by removing hairpin molecules and checking whether consistent assignments
remain.

bc)(def) … (cba) ...

(a

b

b

e

b

Digestion by restriction enzyme

b Exclusive PCR

Fig. 2. Sakamoto’s SAT Engine

Seeman-Winfree: Computing by Self-Assembly
Dr. Nadrian Seeman at the University of New York is a central ﬁgure in DNA
nanotechnology. He received the 1995 Feynman Prize in Nanotechnology at the
Fourth Foresight Conference on Molecular Nanotechnology for his research on
the synthesis of 3-dimensional objects from DNA. Seeman has invented various
DNA structures, while Winfree at the California Institute of Technology has
proposed computational models based on self-assembly of those structures.
Among the structures that Seeman invented are DNA tiles [39]. Doublecrossover molecules are examples of DNA tiles (Fig. 3, lower left). Each
double-crossover molecule is made of two double-stranded molecules that exchange single strands at two points. Therefore, the tile is composed of four
single-stranded DNA molecules that self-assemble.
Double-crossover molecules have four sticky ends, which each hybridize
with the sticky end of another molecule (Fig. 3, right). Therefore, they can
self-assemble and form a planar structure [42]. This process of self-assembly
corresponds to allowing square tiles with colored edges to hybridize only if
adjacent edges are of the same color (Fig. 3, upper left).
As mentioned below, the process of tiling square tiles with colored edges
is universal [43], because it can simulate execution of one-dimensional cellular
automata.
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Fig. 3. Seeman’s DNA tiles.

Head: Splicing System
The splicing system introduced by Head, also known as the H-system, is a formal model of DNA recombination, i.e., digestion by restriction enzymes and
concatenation by ligase [28]. It is a model that can be used to generate languages, by regarding nucleotide sequences as strings of the letters {A, G, C, T}.
Digestion and ligation are modeled using a set of splicing rules. A splicing rule is a string of the form u1$u2#u3$u4. For the splicing rule r =
u1$u2#u3$u4, we deﬁne the relation r between pairs of strings as follows:
(x1 u1 u2 x2 , y1 u3 u4 y2 ) r (x1 u1 u4 y2 , y1 u3 u2 x2 )
Let R be a set of splicing rules, and A a set of initial strings called axioms.
Then, the language L generated by R and A is inductively deﬁned as follows:
• If x ∈ A, then x ∈ L.
• If x, y ∈ L, r ∈ R and (x, y) r (z, w), then z, w ∈ L.
It is known that if R and A are ﬁnite, then L is regular.
Other Models
Other models for molecular computation include the Sticker Model [33], which
is another enhancement of the Adleman-Lipton Paradigm. There are also
models for parallel computation of Boolean circuits, such as Ogihara and Ray’s
model [25]. Many models have been proposed for molecular state machines or
ﬁnite automata, including those of Hagiya and Sakamoto [11, 34, 19] and
Shapiro [6]. The last two will also be referred to at the end of this paper.
3.2 Computability
Considering the computability of molecular computations, I mention two typical results here: one by Winfree concerning the computability of self-assembly
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of DNA, and the other by Head and his colleagues, who extended the splicing
model in various ways to achieve universality of gene recombination.
The computational power of self-assembly by DNA molecules has been
thoroughly investigated by Winfree [43]. He realized that languages generated by the hybridization of linear molecules are regular. Here, by linear
molecules, I mean double-stranded DNA molecules with sticky ends that allow
them to hybridize with each other. The set of all double-stranded molecules
that can be generated by hybridization of copies of given linear molecules
is regular, if we consider double-stranded molecules as strings of the letters
{A, G, C, T}. Winfree pointed out that languages generated by linear, hairpin, and 3-junction molecules are context-free. By hybridizing copies of those
molecules with their sticky ends and ligating them together, we obtain singlestranded DNA molecules after denaturation. The set of these single strands
is context-free as a language over {A, G, C, T}.
Finally, Winfree showed that languages generated by linear and doublecrossover molecules are recursively enumerable. This beautiful result was obtained by simulating a one-dimensional cellular automaton using the twodimensional self-assembly of DNA tiles. Note that one-dimensional cellular
automata are Turing complete because they can simulate Turing machines.
Another important result concerning the computability of molecular computations was obtained by various extensions to the splicing model. As mentioned before, the original splicing system can only generate regular languages.
Therefore, many theoreticians explored ways to extend the model to achieve
universal computability [28]. Some extensions that are universal are:
• splicing circular molecules,
• using multiple tubes, and
• making rules time-varying.
3.3 Complexity
The computational complexity of molecular computation is measured in time
and space as are other kinds of computation. In molecular computing, time
complexity has two aspects: the number of laboratory operations and the time
taken for each operation. In particular, the latter is important from the viewpoint of analyzing the computational power of molecular reactions. The space
complexity of molecular computation corresponds to the number of required
molecules and implies the degree of parallelism. The size or length of molecules
should also be considered in order to accurately measure space complexity.
In general, molecular computation gains time eﬃciency by sacriﬁcing space
eﬃciency, which is typical of the Adleman-Lipton Paradigm. Therefore, it is
important to analyze the trade-oﬀ between the two measures.
Some classical examples of analyzing the complexity of molecular computation, in which time is measured only by the number of laboratory operations,
include that of Reif, who showed that a nondeterministic Turing machine computation with input size n, space s, and time 2O(s) can be executed in his PAM
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Model using O(s) PA-Match steps and O(s log s) other PAM steps, employing
aggregates of length O(s) [29]. Beaver showed that polynomial-step molecular
computers compute PSPACE [5]. Rooßand Wagner proved that the problems
in PNP = ∆P
2 can be solved in polynomial time using Lipton’s model [30].
As for the complexity of self-assembly, Rothemund and Winfree proved
that for any non-decreasing unbounded computable function f (N ), the number of tiles required for the self-assembly of an N × N square is bounded
inﬁnitely often by f (N ) [32]. Winfree et al. showed that the linear assembly
of string tiles can generate the output languages of ﬁnite-visit Turing Machines [45].
No chemical reaction can be executed instantaneously. The eﬃciency of
a chemical reaction depends on the yield of the reaction, which is related to
its equilibrium constant, K, and the time to reach the equilibrium, which is
related to the reaction constant k. For example, in the reaction A ↔ B, the
concentration of B, denoted by [B], is given as a function of elapsed time t as
follows.
[B] = (K/(1 + K))(1 − e−(k+k−1 )t )
In the equation, k and k−1 are the forward and backward reaction constants,
respectively, and the equilibrium constant K is given by K = k/k−1 .
Note that no chemical reaction can escape error. A typical error in reactions involving DNA is mishybridization, which means that non-complementary
nucleotide sequences hybridize. Since the probability of such error can never
be zero, probabilistic analysis is essential in molecular computation. Some
examples of probabilistic analysis of molecular computation follow. Karp et
al. proved that the number of extract operations required to achieve errorresilient bit evaluation is Θ( log δ × logγ δ ) [17]. Kurtz made a thermodynamic analysis of path formation in Adleman’s experiment and showed that
the time needed to form a Hamiltonian path is Ω(n2 ) [20]. Winfree also made
a thermodynamic analysis of DNA tiling in his Ph.D. thesis [44].

4 Molecular Programming
Molecular programming aims at establishing systematic design principles for
molecules and molecular systems with information processing capabilities, and
developing methods to ease their design and construction. In order to achieve
this goal, we must solve many computational problems, which are also deep
from the viewpoint of computer science.
Methods in molecular programming are roughly classiﬁed into those for
designing molecules and those for designing molecular reactions. To design
molecules, the problem of designing nucleotide sequences is an important issue
in DNA computing. To design molecular reactions, models for DNA reactions,
such as hybridization and denaturation, have been developed, as have methods
for simulating those models using electronic computers. They are aimed at
tuning reaction conditions to realize accurate and eﬃcient reactions.
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In this section, I brieﬂy review the methods for sequence design used in
DNA computing and those for simulating DNA reactions. I ﬁnally touch on
molecular machines made of DNA, which are currently the main targets of
molecular programming. They are molecules that change their state according
to reactions with other molecules or environments.
4.1 Designing Molecules
Sequence Design
Sequence design has always been an important issue in DNA computing. It
ﬁrst aimed at designing a large library of nucleotide sequences that only hybridize with their complementary sequences, avoiding mishybridization. Research on sequence design began with deﬁning a measure for evaluating the
possibility of mishybridization in a library of nucleotide sequences. One wellestablished measure is the H-measure developed by Garzon et al., which is
computed using the Hamming distance, i.e., the number of mismatches, while
considering frame shifts [10].
The genetic algorithm and related methods have been used to ﬁnd libraries
of nucleotide sequences with a maximum H-measure greater than a given
threshold. Another solution to the problem was recently proposed by Arita [3]
and elaborated on by Kobayashi [18]. Called the template method, it is an
enhancement of the method originally proposed by Condon et al. [9]
A template is a sequence of zeros and ones. Either G or C is substituted
for 1, and either A or T is substituted for 0. For example, from the template
011010, sequences such as ACCT GA, T GCT CA, and T CGACA are obtained.
Given a template of length n, a library of nucleotide sequences of size 2n is
obtained. Note that such a library satisﬁes the condition that all the sequences
have the same GC content; therefore, their melting temperature is uniform.
In order to obtain a good library, template T should satisfy the condition
that the following patterns always contain at least d mismatches with T with
any frame shift.
T R T T R T RT T T T RT R
In the pattern, T R denotes the reverse of T . If T = 110100, then T R = 001011.
Using such a template, at least d mismatches are induced with shifting and
reversal of sequences.
Here are some examples of templates. The following template has a length
6 and 2 mismatches:
110100
This is one of 26 such templates. For a length of 11 with 4 mismatches:
01110100100
01011100010
11000100101
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For length 23 with 9 mismatches:
01111010110011001010000
10110011001010000011110
11100000101001100110101
Using a template of length n and with d mismatches, a library of DNA
sequences is obtained by adopting an error-correcting code, such as BCH,
Golay, Hamming, etc. If an n-bit code whose Hamming distance is d is used,
then a library of DNA sequences is obtained by substituting G (or C) for 1 if
the corresponding bit in a code word is 0 (or 1), and A or T for 0 if it is 0 (or
1). Given the conditions for the template, d mismatches are guaranteed with
shifts and reverses. Otherwise, d mismatches are guaranteed with the code
used.
Currently, sequence design that avoids both mishybridization with respect
to the H-measure and unwanted secondary structures is being investigated [2].
Inverse Folding
Another direction in sequence design is designing a sequence that folds into a
given secondary structure. This problem is called inverse folding, because it is
the inverse of the problem of ﬁnding the secondary structure of a sequence with
the minimum free energy. The inverse folding problem is to ﬁnd a sequence
whose minimum energy structure coincides with the given one.
The Vienna group has been working on the inverse folding problem and
the folding problem [16], using dynamic programming as in the mfold of
Zuker [49]. More accurately, the problem is formulated as follows. Let Ω be
the target structure, and x be a sequence whose structure has a free energy of
E(x, Ω). If G(x) is the ensemble free energy of x, obtained using McCaskill’s
algorithm [24], then the probability p of x having the structure Ω is as follows:
p =

e−E(x,Ω)/RT
e−G(x)/RT

Therefore, the cost function Ξ(x) of sequence x can be deﬁned as:
Ξ(x) = E(x, Ω) − G(x) = − RT ln p
The problem is then reduced to ﬁnding x, such that Ξ(x) is minimized. The
free energy of a secondary structure is computed using the nearest neighbor
model, a standard model based on stacking energies [7].
4.2 Designing Molecular Reactions
In order make molecular reactions accurate and eﬃcient, it is important to
tune the reaction conditions such as temperature, salt concentration, and time.
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The order of operations is also important. Simulating molecular reactions is
considered a useful tool to ﬁnd appropriate reaction conditions.
Molecular reactions should be simulated using good models. For example,
for DNA hybridization, the nearest neighbor model based on stacking energies
is widely used [7, 36]. This model is also the basis for designing sequences
that form target secondary structures. The staggering zipper model is an
enhancement, in which hybridization consists of two steps. In the nucleation
step, a nucleus of hybridization is formed between two strands, and in the
zipping step, the nucleus is extended to form a complete hybrid.
Using such models, tools have been developed for simulating reactions
among DNA molecules, such as e-PCR [38] and the Virtual Nucleic Acid
simulator (VNA) [23].
VNA simulates reactions among molecules consisting of virtual bases [23].
A molecule in this simulator is a hybrid of virtual strands, such as:
abcd
||
CDEF
Each character is a virtual base, representing a nucleotide sequence of appropriate length, say 10 bases. Corresponding upper- and lowercase letters
represent complementary sequences. The simulator supports the following reactions among such molecules.
•
•
•
•
•
•
•

reactions
hybridization
denaturation
digestion
ligation
self-hybridization
extension

The simulator can verify the feasibility of algorithms for DNA computing,
verify the validity of molecular biology experiments, such as PCR, and ﬁt
parameters in molecular biology experiments. Examples include Ogihara and
Ray’s computation of Boolean circuits [25], Winfree’s construction of doublecrossover molecules, and simulated PCR experiments.
VNA is implemented in Java and is executable as an applet. In order
to simulate reactions among dynamically generated molecules, it combines
combinatorial enumeration of molecules with continuous simulation based on
diﬀerential equations. Interestingly, the concentrations of molecules are computed using diﬀerential equations to avoid a combinatorial explosion by setting a threshold on the concentration of a newly generated molecule. This also
supports stochastic simulation.
Although it is still far from being able to simulate real reactions faithfully,
because most of the reaction constants are not known, VNA has been used
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to examine the possibility of combining various reactions to ﬁnd expected or
unexpected reaction paths.
In general, it is becoming increasingly important to grasp both the static
and dynamic behavior of molecules, because research in DNA and molecular
computing is moving toward designing molecules that move or change their
states.
One of the next steps in this direction will be to estimate the energy
barrier between two secondary structures of DNA or RNA. The Vienna group
has already estimated energy barriers to design multi-state RNA molecules,
and this is considered an important area of future research, particularly for
designing molecular machines [8].
4.3 Molecular Machines
As mentioned in the previous section, there are many proposals and experiments for designing and implementing molecular machines out of DNA. Some
of these include:
•
•
•
•
•

Seeman’s DNA motor using B-Z transition [21]
Hagiya’s whiplash PCR [11, 34, 19] (Fig. 4)
Yurke’s molecular tweezers [48]
Seeman’s PX-JX2 switch [46]
Shapiro’s DNA automata [6] (Fig. 5)
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C
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Fig. 4. Hagiya’s Whiplash PCR

5 Concluding Remarks
In this paper, I summarized the research in DNA and molecular computing
and research trends observed at DNA8, the recent international conference in
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a’

<S,a>
S’

Rest of input

<S,a>

Transition molecule
a’

<S’,a’>

Rest of input

Rest of input

The input sequence for a’ contains <S’,a’> for each state S’.
The transition molecule cuts the input at the right place by the spacer.

Fig. 5. Shapiro’s DNA Automata

this ﬁeld, to explain the importance of research on molecular programming,
i.e., designing molecules and molecular systems with information-processing
capabilities.
In Japan, a research group on molecular programming funded as Priority
Area Research by the Ministry of Education has recently been formed. In addition, a CREST project has been funded by the Japan Science and Technology Corporation to research molecular addressing for constructing molecular
memory out of DNA and related molecules. It is also intended to explore new
directions in molecular computing, including optical molecular computing.
The preparation of this paper was supported by both of these projects.
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