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Preface

Biomolecular computing is an interdisciplinary field that draws together molec-
ular biology, chemistry, physics, computer science, and mathematics. DNA nan-
otechnology and molecular biology are key relevant experimental areas, where
knowledge increases with each passing year. The annual international meeting
on DNA-based computation has been an exciting forum where scientists of dif-
ferent backgrounds who share a common interest in biomolecular computing
meet and discuss their latest results. The central goal of this conference is to
bring together experimentalists and theoreticians whose insights can calibrate
each other’s approaches. DNA7, The Seventh International Meeting on DNA
Based Computers, was held at The University of South Florida in Tampa, FL,
USA, June 10-13, 2001. The organizers sought to attract the most significant re-
cent research, with the highest impact on the development of the discipline. The
meeting had 93 registered participants from 14 countries around the world. The
program committee received 44 abstracts, from which 26 papers were presented
at the meeting, and included in this volume. In addition to these papers, the
Program Committee chose 9 additional papers from the poster presentations,
and their revised versions have been added to this volume.

As is now a tradition, four tutorials were presented on the first day of the
meeting. The morning started with general tutorials by Erik Winfree (Caltech)
and Junghuei Chen (University of Delaware), designed to bridge between their
respective areas of expertise, computer science and molecular biology. More spe-
cialized tutorials on encoding DNA sequences and on non-standard DNA motifs
and interactions were given in the afternoon by Anne Condon (University of
British Columbia) and Nadrian C. Seeman (New York University), respectively.
Four plenary lectures were given during the conference by Nicholas Cozzarelli
(University of California at Berkeley) on DNA topology, Richard Lipton (Geor-
gia Technology Institute) on the state of DNA-based computation, John San-
taLucia (Wayne State University) on DNA hybridization thermodynamics and
Ronald Breaker (Yale University) on DNA catalysis. Those presentations are not
included in this volume.

The research presented here contains a diverse spectrum of ideas and top-
ics. The papers under Ezperimental Tools deal with issues such as optimization
of biomolecular protocols or a computer program for designing DNA sequences
that could be found useful in performing experiments. The papers in Theoret-
ical Tools study theoretical properties of DNA sequences and structures that
could be used in designing models and subsequently, experiments. Several pa-
pers deal with Probabilistic Theoretical Models which try to capture the inexact
nature of the biomolecular protocols. As the experience of many has shown, se-
quence design and computer simulations can be very valuable before preparing
an actual experiment and several researchers addressed these issues in Computer
Sitmulation and Sequence Design. New algorithms for solving difficult problems
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such as the knapsack problem and SAT are introduced in Algorithms. Several
researchers, in fact, reported on successful experimental solutions of instances of
computational problems. Their results are included in Fzperimental Solutions.
The papers in Nano-tech Deuvices report on the experimental design of DNA
nano-mechanical devices. The section on Biomimetic Tools contains research on
computational tools that primarily use processes found naturally in the cells of
living organisms. Several papers deal with the theory of splicing systems and the
formal language models of membrane computing. These papers are included in
Splicing and Membrane Systems.

The editors would like to acknowledge the help of the conference’s Program
Committee in reviewing the submitted abstracts. In addition to the editors,
the Program Committee consisted of Junghuei Chen, Anne Condon, Masami
Hagiya, Tom Head, Lila Kari, George Paun, John Reif, Grzegorz Rozenberg, Erik
Winfree, David Wood, and Bernard Yurke. The editors thank Denise L. Marks
for helping us with her skillful typesetting abilities. The Organizing Committee
(Anne Condon, Grzegorz Rozenberg, and the editors) is grateful for the generous
support and sponsorship of the conference by the Center for Integrated Space
Microsystems within the Jet Propulsion Laboratory, NASA, and the following
branches of The University of South Florida: The College of Arts and Sciences,
the Institute for Biomolecular Science, the Department of Mathematics, the
Department of Biology, the Department of Chemistry; and the USF Research
Foundation.

The meeting was held in cooperation with the ACM Special Interest Group
on Algorithms and Computation Theory (ACM SIGACT) and the European
Association for Theoretical Computer Science (EATCS).

We note with sadness the passing of Michael Conrad, who participated in
several of the earlier conferences. His contributions will be missed by all.

Finally, the editors would like to thank all of the participants in the DNA7
conference for making it a scintillating and fruitful experience. This is a discipline
that has not yet found its ‘killer ap,” but the excitement that is generated when
this group assembles is virtually palpable at the conference. The interactions,
collaborations, and advances that result from each of the meetings on DNA Based
Computers are the key products of the meeting. We hope that this volume has
captured the spirit and exhilaration that we experienced in Tampa.

April 2002 Natasa Jonoska
Nadrian Seeman
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An Object Oriented Simulation of Real
Occurring Molecular Biological Processes for
DNA Computing and Its Experimental
Verification

Thomas Hinze', Uwe Hatnik?, and Monika Sturm!

! Institute of Theoretical Computer Science, Dresden University of Technology,
Mommsenstr. 13, i Dresden, D-01062, Germany
{hinze, sturm}@tcs.inf.tu-dresden.de
http://www.tcs.inf.tu-dresden.de/dnacomp
2 Institute of Computer Engineering, Dresden University of Technology,
Mommsenstr. 13, i Dresden, D-01062, Germany
hatnik@ite.inf.tu-dresden.de

Abstract. We present a simulation tool for frequently used DNA oper-
ations on the molecular level including side effects based on a probabilis-
tic approach. The specification of the considered operations is directly
adapted from detailed observations of molecular biological processes in
laboratory studies. Bridging the gap between formal models of DNA
computing, we use process description methods from biochemistry and
show the closeness of the simulation to the reality.

1 Introduction

It is well-known that DNA operations can cause side effects in a way that the
results of algorithms do not fit to the expectation. Any molecular biological
operation used for DNA computing seems to be closely connected with cer-
tain unwanted effects on the molecular level. Typical side effects are for instance
unwanted additional DNA strands, loss of wanted DNA strands, artifacts, muta-
tions, malformed DNA structures or sequences, impurities, incomplete or unspe-
cific reactions, and unbalanced DNA concentrations. Unfortunately, side effects
can sum up in sequences of DNA operations leading to unprecise, unreproducible
or even unusable final results [6]. Coping with side effects is to be seen as the
main challenge in the research field of experimental DNA computing. We have
analyzed processes used in DNA computing at the molecular level in laboratory
studies with the aim to specify these processes as detailed as possible. The anal-
ysis led to a classification and to a statistical parametric logging of side effects.
Based on this knowledge, we have developed a simulation tool of real occur-
ring molecular biological processes considering side effects. The comparison of
simulation results with real observations in the laboratory shows a high degree
of accordance. Our main objective is to construct error reduced and side effect
compensating algorithms. Furthermore, the gap between formal models of DNA

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 1-{I3] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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computing and implementations in the laboratory should be bridged. A clue to
handle side effects in DNA computing can consist in the idea to include them
into the definition of DNA operations as far as possible. DNA computing as
hardware architecture particularly convinces by its practicability of laboratory
implementations based on a formal model of computation.

The simulation tool and continued laboratory studies extend our results pre-
sented at DNAG6 [4]. Our work focuses a reliable implementation of an optimized
distributed splicing system TT6 in the laboratory [8]. Using the simulation tool,
prognoses about resulting DNA strands and influences of side effects to sub-
sequent DNA operations can be obtained. The number of strand duplicates
reflecting DNA concentrations is considered as an important factor for a de-
tailed description of the DNA computing operations on the molecular level in
the simulation. This property allows to evaluate the quantitative balance of DNA
concentrations in a test tube. Here, we show the abilities of the simulation using
the operations synthesis, annealing, melting, union, ligation, digestion, labeling,
polymerisation, PCR, affinity purification, and gel electrophoresis by means of
selected examples with comparison to laboratory results.

2 Modelling Molecular Biological Processes

The knowledge about underlying molecular biological processes grows up more
and more rapidly. In the meantime, the principles of biochemical reactions are
understood very well. Precise descriptions can be found in recent handbooks of
genetic techniques like [7]. This pool of knowledge mostly aims at applications
in medicine, agriculture, and genetic engineering. Our intention is to use this
knowledge and to apply it for approaches in DNA computing.

Biochemical reactions on DNA are generally caused by collisions of the reac-
tants with enough energy to transform covalent or hydrogen bonds. This energy
is usually supplied by heating or by addition of instable molecules with a large
energy potential. Thus the vis viva of the molecules inside the test tubes in-
creases and they become more moveable. One test tube can contain up to 10%°
molecules including water dipoles. Which reactive molecules of them will inter-
act indeed? The answer to this question requires to abstract from a macroscopic
view. A microscopic approach has to estimate the probability of an inter- or
intra-molecular reaction for all combinations of molecules inside the test tube.
This can be done by generating a probability matrix whose elements identify all
possible combinations how molecules can hit to react together. The probabilities
for a reaction between the molecules forming a combination depend on many
parameters e.g. chemical properties of the molecules, their closeness and orien-
tation to each other and the neighbourship of other reactive molecules. After
creating the matrix of molecular reaction probabilities, a certain combination
with acceptable probability > 0 is selected randomly according to the given
probability distribution. The molecular reaction is performed and produces a
modified contents of the test tube. Using this contents, the subsequent matrix
of molecular reaction probabilities is generated and so on. The whole reaction
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can be understood as a consecutive iterated process of matrix generation, se-
lection of a molecular reaction and its performance. The process stops if all
further probabilities for molecular reactions are very low or an equilibrium of
the test tube contents occurs. This strategy to model molecular biological pro-
cesses implies side effects and a nondeterministic behaviour in a natural way.
The simulation tool adapts this basic idea to model processes of DNA comput-
ing on the molecular level controlled by suitable parameters. A simple annealing
example should illustrate the idea how to simulate biochemical reactions closed
to the laboratory. Annealing (hybridization) is a process that pairs antiparallel
and complementary DNA single strands to DNA double strands by forming hy-
drogen bonds between opposite orientated complementary bases. Let assume for
simplicity that a (very small) test tube contains three different DNA sequences
in solution: 10 copies of the DNA single strand 5’-AAGCTCCGATGGAGCT-3’, 6
copies of 5’-TGAAGCTCCATCGGA-3’, and 7 copies of 5°-GAGCTTATA-3". Further
let assume that these strands are spatially distributed in equipartition and that
one molecular reaction affects max. & = 2 DNA molecules at once. Figure 1
shows the first iteration of process simulation.

The matrix derived from the test tube contents lists the probabilities for
inter- resp. intramolecular collisions that can result in molecular reactions for
all combinations of molecules. Subsequently, one combination is selected ran-
domly with respect to the probability distribution. The example uses the colli-
sion marked by a grey background. For this selected combination, all possible
molecular hybridization products have to be determined.

Two DNA strands can stable anneal to each other if at least approximately
50% of the bases of one participating strand form hydrogen bonds with their
complementary counterparts of the other one. A lower bonding rate mostly pro-
duces not survivable DNA double strands that melt again. The minimum bond-
ing rate describes the process parameter of annealing. Based on the bonding
rate parameter, all possible stable molecular hybridization products from the
selected combination are generated. One of these products is selected randomly
as performed molecular reaction. The test tube contents is modified accordingly
completing one iteration of the process cycle. The modified test tube contents
serves as input for the next iteration and so on until no new products can appear.

The annealing example should point out the principle how to model molecular
biological processes. Other reactions resp. processes can be considered in a simi-
lar way. Our studies include the DNA operations synthesis, annealing, melting,
union, ligation, digestion, labeling, polymerisation, PCR, affinity purification,
and gel electrophoresis. They affect as follows:

|operati0n |eﬁ'ect |

synthesis generation of DNA single strands (oligonucleotides) up to maximum
approximately 100 nucleotides; there are no limitations to the se-
quence. Most methods use the principle of a growing chain: Fixed
on a surface, the DNA single strands are constructed by adding one
nucleotide after the other using a special coupling chemistry. Finally,
the DNA single strands are removed from the surface and purified.
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|operation

|eﬁ'ect

annealing

pairing of minimum two antiparallel and complementary DNA sin-
gle strands or single stranded overhangs to DNA double strands by
forming thermic instable hydrogen bonds; the process is performed
by heating above the melting temperature and subsequently slowly
cooling down to room temperature. Annealing product molecules can
survive if at least 50% of the bases of one participated strand bind
to their complementary counterpart.

melting

breaking hydrogen bonds by heating above the melting temperature
or by using alkaline environments

union

merging the contents of several test tubes into one common test tube
without changes of chemical bonds

ligation

concatenation of compatible antiparallel complementary sticky or
blunt DNA double strand ends with 5’ phosphorylation; enzym DNA
ligase catalyzes the formation of covalent phosphodiester bonds be-
tween juxtaposed 5’ phosphate and 3’ hydroxyl termini of double
stranded DNA.

digestion

cleavage of DNA double strands on occurences of specific recognition
sites defined by the enzym; all arising strand ends are 5’ phosphory-
lated. Enzym type II restriction endonuclease catalyzes the break of]
covalent phosphodiester bonds at the cutting position.

labeling

set or removal of molecules or chemical groups called labels at DNA
strand ends; enzym alkaline phosphatase catalyzes the removal of|
5” phosphates (5’ dephosphorylation). Enzym Polynucleotide Kinase
catalyzes the transfer and exchange of phosphate to 5’ hydroxyl ter-
mini (5 phosphorylation). Beyond phosphate, other labels like 5’
biotin, fluorescent or radioactive labels can be used in a similar way.

polymerisation

conversion of DNA double strand sticky ends into blunt ends; en-
zym like vent DNA polymerase (New England Biolabs) catalyzes the
completion of recessed 3’ ends and the removal of protruding 3’ ends.

gel elec-
trophoresis

physic technique for separation of DNA strands by length using the
negative electric charge of DNA; DNA is able to move through the
pores of a gel, if a DC voltage (usually = 80V) is applied and causes
an electrolysis. The motion speed of the DNA strands depends on
their molecular weight that means on their length. After switching
off the DC voltage, the DNA is separated by length inside the gel.
Denaturing gels (like polyacrylamide) with small pores process DNA
single strands and allow to distinguish length differences of 1 base.
Non-denaturing gels (like agarose) with bigger pores process DNA
double strands with precision of measurement =~ +10% of the strand
length.
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|operation |eﬁ'ect |
polymerase cyclic process composed by iterated application of melting, an-
chain nealing, and polymerisation used for exponential amplification of]
reaction double stranded DNA segments defined by short (& 20 bases long),
(PCR) both-way limiting DNA sequences; these sequences denoted as DNA

single strands are called primers. Each cycle starts with melting of the
double stranded DNA template into single strands. Subsequently the
primers are annealed to the single strands and completed to double
strands by polymerisation. Each cycle doubles the number of strand

copies. PCR can produce approximately up to 24°

strand copies using
40 cycles. Higher numbers of cycles stop the exponential amplifica-
tion leading to a saturation.

affinity purifi-|separation technique that allows to isolate 5 biotinylated DNA
cation strands from others; biotin binds very easily to a streptavidin sur-
face fixing according labelled DNA strands. Unfixed DNA strands

are washed out and transferred to another tube.

Molecular biological processes annealing and ligation induce interactions be-
tween different DNA strands. They are able to produce a variety of strand combi-
nations. The potential and power of DNA computing to accelerate computations
rapidly is based on annealing and ligation. Other DNA operations listed above
affect the DNA strands inside the test tube independently and autonomously.
In this case, interactions are limited to DNA with other reactants or influences
from the environment. Union, electrophoresis, and sequencing require modelling
as physic processes without reactive collisions between molecules.

3 A Probabilistic Approach to Model DNA Operations
with Side Effects

The effect of DNA operations on the molecular level depends on random (non-
deterministic) interactions (events) with certain probability. The variety of pos-
sible events is specified by biochemical rules and experimental experiences. Only
a part of them — but not all — forms the description of formal models of DNA
computing. Remaining unconsidered events are subsumed by the term ”side ef-
fect”. Formal models of DNA computing include many significant properties
but others are ignored (abstraction). The most commonly used assumptions for
abstraction are:

— Linear DNA single or double strands are used as data carrier.

— Information is encoded by DNA sequence (words of formal languages).

— unrestricted approach; arbitrary (also infinite) number of strand copies al-
lowed

— Unique result DNA strands can be detected absolutely reliable.

— All DNA operations are performed completely.

— All DNA operations are absolute reproducible.
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Differences from these abstractions are considered as side effects. They can be
classified into certain groups with specific common properties. The properties are
chosen in a way that the side effect can either be defined by statistical parameters
with respect to defaults from the reactants (e.g. mutation error rate of DNA
polymerase) or the side effect directly results from the process description. Figure

2 shows a proposal for a classification extending the

frequently used DNA basic operations.

operations performed with
state of the art laboratory techniques

idea from [1] to the set of

synthesis

annealing

melting

union

ligation

digestion

labeling
polymerisation
PCR

affinity purification
gel electrophoresis

mutations

(differences
in DNA
sequence)

point mutation (% mutation rate)

deletion (% deletion rate, max. length of deletion)

insertion

artifacts

DNA

(diff. from

loss of linear DNA strands by forming hairpins,
bulges, loops, junctions, and compositions of them
(% loss rate of tube contents)

classification of side effects

failures in reaction procedure

of reaction) |structure)

(differences from
perfect specification

incomplete reaction (% unprocessed strands)

unspecificity (% error rate, maximum difference)

supercoils

strand instabilities caused by temperature or pH

impurities by rests of reagences

loss of DNA strands (% loss rate of tube contents)

: considered in simulation tool

in brackets: statistical parameters

.: significant side effect caused by the operation

Fig. 2. Significant side effects of frequently used DNA operations

The following table lists the operation parameters and side effect parameters
of the considered DNA basic operations. The default values are adapted from
laboratory studies. The abbreviation L stands for strand length.

|operation |parameter range default|
synthesis |operation parameters

e tube name

e nucleotide sequence (5’-3)

e number of strand copies 1...10°

side effect parameters

e point mutation rate 0...100% 5%

e deletion rate 0...100% 1%

e maximum deletion length 0...100% of L 5%
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|operation |parameter

range default|

annealing |operation parameters

e tube name

e minimum bonding rate for stable du-

plexes

e maximum length of annealed strands
side effect parameters

e base pairing mismatch rate

e rate of unprocessed strands

0...100% 50%
1...10°

0...100% 600/L
0...100% 5%

melting operation parameters
e tube name
side effect parameters
e rate of surviving duplexes

0...100% 0.1%

union operation parameters

e tube name

e name of tube whose contents is added
side effect parameters

e strand loss rate

0...100% 0.5%

ligation operation parameters

e tube name

e maximum length of ligated strands
side effect parameters

e rate of unprocessed strands

1...10°

0...100% 5%

polymeri- |[operation parameters

sation e tube name

side effect parameters
e point mutation rate

0...100% 0.1%

digestion |operation parameters
e tube name
e recognition sequence
e restriction site

side effect parameters
e rate of not executed molecular cuts
e rate of star activity (unspecificity)
e recognition sequence with wildcard

base pairs specifying star activity

0...100% 5%
0...100% 5%

labeling |operation parameters
e tube name
e kind of label (biotin or phosphate)
e kind of strand end (3’ or 5’)
e action (set or removal of label)
side effect parameters

0...100% 5%

e rate of unprocessed strands
affinity operation parameters
purifi- e tube name
cation e kind of extracted strands

(with or without biotin label)
side effect parameters
e rate of false positives (unspecificity)
e rate of false negatives (unspecificity)

0...100% 8%
0...100% 8%
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|operation |parameter range default|
gel operation parameters

electro- e tube name

phoresis e minimum number of strand copies with 1...10°

same length, necessary for detection
e selection of available length (bands)
side effect parameters

e strand loss rate 0...100% 1%
e rate of strands with forged length 0...100% 1%
e maximum length derivation (forgery) 0...100% of L 10%

4 Basic Ideas of the Simulation Tool

A simulation tool based on the molecular biological processes from section 2
including optional side effects from section 3 contributes to the experimental
setup in the laboratory and is able to explain unexpected results. Our approach
extends the idea from [2]. The main features of the simulation tool focus on:

— Specification of DNA operations is set on the level of single nucleotides and
strand end labelings using the principle of random probability-controlled
consecutive interactions between DNA strands and reactants.

— Number of strand copies is considered to distinguish concentrations of dif-
ferent DNA strands and their influence to the behaviour in the operational
process.

— Each DNA operation is processed inside a test tube that collects a set of
DNA strands. The simulation tool is able to manage several test tubes.

— Each DNA operation is characterized by a set of specific parameters and
side effect parameters that can be stored and load together with all test
tube contents as a project.

— Arbitrary sequences of DNA operations including the propagation of side
effects can be visualized and logged.

Since a test tube can be considered as a system containing groups of DNA
strands and reactants as (autonomous) subsystems, an object-oriented approach
for simulation is preferred: Object-oriented simulation means that a system is
split into subsystems which are simulated autonomously [5]. A subsystem in this
context is named ”object” and may contain other objects forming an object hier-
archy. An object embeds its own simulation algorithm that can represent both, a
small code fragment and an extensive simulator, see figure 3. All implementation
details are encapsulated by the object, only an interface allows data exchange
and simulation control. The advantage of this approach lies in its flexibility with
respect to object combination and exchange. Furthermore, the simulation algo-
rithm can be optimally adapted to the models [9]. The object-oriented simulation
approach is suitable for a wide range of applications, e.g. [3].

The implementation uses Java to ensure a wide interoperability to different
platforms because of its object-oriented paradigm. The simulation tool requires
at least Java Development Kit 2.0.
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other objects algorithms for

process control
\ gorithms for
sets of DNA strands

simulation algorithms for
algorithm ‘_@equence@ (sequences) (sequences) @equences) molecular interactions
b) (DNA strand, reactants)

a)

Fig. 3. basic object structure a) and hierarchical composition of objects b)

5 Comparison of Simulation and Reality

Two examples (PCR and Cut) were selected to confirm simulation results by
laboratory experiments. Both examples compare simulation and laboratory ex-
periment and support an explanation of side effects to be seen in the agarose gel
photos.

PCR example: A PCR example should illustrate the consequence
of deletions and point mutations in synthesized DNA single strands
to subsequent iterated PCR cycles. For laboratory implementa-
tion, the PCR template was constructed by oligonucleotide syn-
thesis of two complementary DNA single strands named templatel
(5 -~AGGCACTGAGGTGATTGGCAGAAGGCCTAAAGCTCACTTAAGGGCTACGA-3?) and tem-
plate2 (5’ -TCGTAGCCCTTAAGTGAGCTTTAGGCCTTCTGCCAATCACCTCAGTGCCT-3?),
both 50 bases (Perkin-Elmer) as well as the primers named primerl

(5’ -AGGCACTGAGGTGATTGGC-3) and primer2 (5’-TCGTAGCCCTTAAGTGAGC-3’),
both 19 bases (Amersham Pharmacia Biotech). The PCR according to standard
protocols was done in four samples using 30 cycles including one sample
without Tag-Polymerase as negative control. The PCR product was visualized
by agarose gel electrophoresis, see figure 4, box below. Lanes 2 until 4 show the
amplified band and below a weaker smear of shorter DNA fragments that has
to be comprehended by simulation with side effects.

The simulation uses 1000 copies of templatel considering a point mutation
rate of 0.06% and a deletion rate of 0.06%, maximum deletion length 12 bases.
These side effect parameters were adapted from properties of oligonucleotide syn-
thesis. Template2 was generated in a same way. 8000 copies from each primer
(point mutation rate 0.06%, no deletions) were used. All subsequent DNA opera-
tions were assumed to be perfect inside the example. Figure 4 shows a screenshot
of synthesized strands after union into one common test tube (box above) and of
the simulation result after three PCR cycles affirming unwanted shorter bands
(box below). The test tube output lists the DNA strands sorted descendingly by
number of copies. Screenshots are truncated to the top of the lists.

The example demonstrates the consequences of point mutations and deletions
in synthesized DNA strands to a subsequent PCR decreasing the amount of error
free template after three cycles from 8000 expected copies to 5965.
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1000 copies template1 1000 copies template2 8000 copies primer! 8000 copies primer2

l Synthesis ] l Synthesis ] l Synthesis ] l Synthesis

- e |

7910 WRREWENRURANRORRS &

[ union |

correct synthesized strands
(7910 copies of primer2,
e [~ 7909 copies of primert,
042 NERRWAE ECRRUUR AW <RRRUSR = AR AR < CPPREBE R DR R 942 copies of template,
941 copies of template2)

7909 LU R

941

max. length: 100bp
min. bonding rate: 50% 7 RO CRRPORRF D «
incorrect synthesized strands carrying
LAl A point mutations and deletions
|__ (totally 90 strands of primer2,

91 strands of primer1,

58 strands of template,

59 strands of template2)

1st PCR cycle

max. length: 100bp
¥_min.bonding rate: 50%

2nd PCR cycle

5065 Y |_ correct amplified double stranded

template (5965 copies)

2730 NERRWRE S
PR i < primer rests
CRRWRERE RN ©

p— unwanted strands (including amplified
“SA¥%® [ strands with deletions resulting in too

wEEcy A
. short double stranded PCR fragments)
:

max. length: 100bp . ‘;I e

min. bonding rate: 50%

1 2 3 4 5

I 3rd PCR cycle
T

lane 1: PCR negative control
lanes 2, 3, 4: PCR product (simulation screenshot)
lane 5: 50bp marker

Fig. 4. PCR example: side effect considering simulation result vs. laboratory
experiment

Cut example: A cut example should illustrate incomplete and unspe-
cific reactions by digestion of annealed synthesized oligonucleotides. For
laboratory implementation, two complementary DNA single strands named
oligo1(5? ~AGGCACTGAGGTGATTGGCAAGTCCAATCGCGAAAGTCCAAGCTCACTTAAGGGCT-
ACGA-3?) and oligo2 (5’ -TCGTAGCCCTTAAGTGAGCTTGGACTTTCGCGATTGGACTTGCC-
AATCACCTCAGTGCCT-3’), both 60 bases (Perkin-Elmer), were synthesized.
Aliquots of each were merged and annealed using standard protocols. The
subsequent digestion using Nrul, a blunt cutter, should cleave all double
stranded fragments in the middle producing only 30bp strands. The agarose gel
photo shows the result of an incomplete reaction, and base pair mismatching
supporting unspecific cleavages, see figure 5.

6 Conclusions

The simulation tool represents a restricted and multiset-based model for DNA
computing whose operations were specified and adapted directly from the anal-
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1000 copies oligo1 1000 copies oligo2

i

l Synthesis ] l Synthesis ]

correct cleaved strands

so7 §EEEREATNE
b (30bp)

(once correct, once by

fragments cleaved twice
|_ star activity)

max. length: 100bp e
min. bonding rate: 50% L
LA B MR P 1 P

Annealing 1 2

recognition sequence L
for star activity 26 %%

YS!
ish
Digestion

> rest of uncleaved strands (60bp)

aNE
®

fragments only cleaved by star activity

Synthesis, union, and annealing are assumed L

to run perfectly. Digestion has side effects: 10% _50
of all cleavages with correct matching recognition

ssequence are left out, additional 10% of all lane 1: digestion product

cleavages are unspecific simulating star activity lane 2: 50bp marker

using the generalized recognition sequence above.

Fig. 5. Cut example: side effect considering simulation result vs. laboratory ex-
periment

ysis of molecular biological processes in the laboratory. In contrast to the most
models for DNA computing, the simulation tool also considers the influence of
significant side effects. The intensity of side effects can be controlled by suitable
statistical parameters in a range from no influence to absolute dominance. The
consistent parameterization of DNA operations as well as side effects assigns
to the simulation tool a high degree of flexibility and ergonomics. The object-
oriented simulation approach supports the modelling of interactions between
DNA strands and reactants as autonomous subsystems that are combined to test
tubes with frame controlled behaviour. The implementation in Java guarantees
interoperability to different platforms. Recently, the simulation tool features by
the DNA operations synthesis, annealing, melting, union, ligation, digestion la-
beling, polymerisation, PCR, affinity purification, and gel electrophoresis. Fur-
ther studies focus on the extension to additional effects concerning nonlinear
DNA structures.
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Abstract. Recently, in the research field of DNA Computing, the im-
provement of reliability of computation has been expected. Since DNA
Computing consists of some chemical reactions, it seems to be clearly
important to optimize each reaction protocol in order to improve the
reliability of computing. Moreover, the purpose of the reaction in DNA
Computing crosses variably. We consider that the optimization of re-
action protocol according to each purpose will be necessary. We try to
derive positive impact factors on the reaction result from actual exper-
iments by using DOE. From the results of experiments, we show the
importance and necessity of optimizing reaction protocol according to
each desired reaction.

1 Introduction

Recently, in the research field of DNA Computing, the improvement of reliability
of computation (chemical reaction) has been expected. Towards high reliability
of DNA Computing, much interests have been mainly directed to sequence de-
signs so far [T2l3]. However, since DNA Computing consists of some chemical
reactions, it seems to be clearly important to optimize each reaction protocol
in order to improve the reliability of computing. In this paper, therefore, we fo-
cus on optimizing each reaction protocol, in particular, PCR (Polymerase Chain
Reaction) protocol.

As a method for optimizing a reaction protocol (particularly PCR), the ap-
proaches using Design Of Experiments (DOE) have been proposed [4/5]. In these
studies, by finding out the factors which affected a reaction result greatly with
the use of DOE, they optimized the reaction protocol and employed PCR was
the most general PCR (template is one kind, and the desired reaction is making
template amplify as much as possible). Besides, they made light of the interac-
tions between each factor.

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 14{22] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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However, the environment of PCR used in DNA Computing seems to be
generally different from one used in the study of molecular biology. For example,
in PCR used in DNA Computing, the environment of PCR is almost competitive
(two or more kinds of DNA template can be amplified by the same primer).
Additionally, in the context of DNA Computing, PCR can be used for different
purposes, i.e., desired reactions for PCR will be different according to DNA
algorithm. For instance, one of these purposes is to amplify the specific template
as much as possible, the other is to amplify holding the ratio of concentrations
of template DNAs, and so on. From these considerations, in order to improve
the reliability of chemical reactions, optimization of reaction protocol according
to each desired reaction will be necessary.

In this paper, we try to derive positive impact factors on the reaction result
from actual experiments by using DOE. A lot of experiments are performed in
the reaction environment that will be occurred in DNA Computing. From the
results of experiments, we show that the importance and necessity of optimizing
reaction protocol according to each desired reaction. Additionally, it is said that
a chemical reaction involves in a very strong interaction. In this work, since the
interactions can be evaluated with DOE, we examine the necessity of taking the
interactions into consideration for optimization.

2 PCR

PCR is a standard method used to amplify a template DNA, and the process of
amplification is strongly influenced by PCR parameter as shown in Table [11

Table 1. PCR parameters

Sequence of template Concentration of template
Sequence of primer Concentration of primer
Concentration of ANTP Kind of polymerase
Concentration of polymerase|Concentration of magnesium ion
Reaction buffer Number of Cycles
Annealing Time Annealing Temperature
Denaturating Time Denaturating Temperature
Extension Time Extension Temperature

2.1 PCR in DNA Computing

PCR is one of the most important operations in DNA Computing because PCR
is almost used surely in the algorithm of DNA Computing.

The specific feature of PCR in DNA Computing is to be almost used com-
petitive PCR. In competitive PCR, two or more templates are amplified by the



16 Satoshi Kashiwamura et al.

same primer exist together in the same pool[7]. Those templates amplify simul-
taneously under a reaction.

Additionally, the specific feature of PCR in DNA Computing is that desired
reactions of PCR cross variably. Usually, desired reaction of PCR is to make the
target DNA amplify as much as possible. But the other desired reactions are
also considered. For example, in the DNA Computing model using the concen-
tration control, the amplification holding the initial concentration ratio between
templates is important[9].

Optimizations of PCR reaction protocol for making DNA amplify as much
as possible have already been performed. In this paper, we show that an opti-
mization of reaction protocol according to each desired reaction is necessary.

3 Setting Experiment

In order to find out the factor which has affected the experimental result greatly,
we propose the experiment based on DOE as follows][6].

3.1 The Reaction for Analysis

The reaction for analysis is taken as competitive PCR. In this experiment, two
kind of templates made to compete is set, and we call one of each template
DNA1(120mer) and another DNA2(80mer). Additionally, we use real time PCR
to acquire in-depth experimental data.

3.2 Design of DNA Sequence

Sequences of primer and template are designed at random, fundamentally. How-
ever, the sequences in which a mis-annealing tends to occur clearly avoid. More-
over, primer sequence was limited to the sequence which fulfills the minimum
conditions which should be fulfilled as a primer [§]. It is shown as Table 2] for
details.

3.3 The Orthogonal Array

We plan the experiment using orthogonal array called Loy [6] established in
DOE. According to DOE, we allocated each parameter to orthogonal array.

3.4 Factors

From a lot of parameters mentioned to Table[dl, we focused on three parameters,
Concentration of Magnesium ion (Mg), Annealing Time (Time), and Annealing
Temperature (Temp). We define these three parameters as factors.

Generally in molecular biology, optimizing PCR is performed with the in-
formation of sequences and length of templates and primers. However in DNA
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Table 2. Sequences of primer and template

|| | lenght | Base arrangement |GC contents| Tm ||
forward primer| 18mer | GCCATCATCAGTGGAATC 50 50°C
reverse primer | 18mer | CAACTTTGAAGCTGGCTC 50 50°C

GCCATCATCAGTGGAATCCC
AGATGCATCTATCGCAATAC
DNA1 120mer| CACTTTCGAGCTCAAGTGTT 48.33 ~80°C
AAGACGCGCCACAGCCGACA
GTGACACTATTAGCAGTAAA
TGGAGCCAGCTTCAAAGTTG
GCCATCATCAGTGGAATCTT
DNA2 80mer |GCTGTTTGTGCCGAAGCATC 48.75 ~80°C
GTATAGGCTGACCACCGATT
ATGAGCCAGCTTCAAAGTTG

Computing, since sequences and length of templates are usually unknown, opti-
mizing PCR with the information of them will be impossible. So we expect that
we must improve from the most general protocol to optimum protocol by making
various PCR parameters change if we are in a situation of DNA Computing. As
the first step of optimizing PCR in the situation of DNA Computing, we focused
on Mg, Time, and Temp which affected the reaction result of PCR greatly.
Since it was desirable to take the wide range of level values as for the ex-
periment at the first time in DOE, we set up each level as shown in Table [l

Table 3. Level of each factor

|| factor |level 1 | level 2| level 3 ||

concentration of Mg |1.5mM|4.0mM|10.5mM
Annealing time 1sec | 30sec | 60sec
Annealing temperature| 47°C | 52°C | 57°C

3.5 Values of Other PCR Parameters

The values of PCR parameters except for above three parameters are set as the
most general value [§] as shown in Table

4 Experiments for Detecting Important Factors

From the above setup, we performed the experiment according to La7, and the
experimental results were obtained as 27 pieces as shown in Table . The values of
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Table 4. value of other parameters

| | parameter | value | |
size of a reaction system 25ul
concentration of primers 0.5uM
concentration of NTP 0.2mM

concentration of DNA1  [50attomol/25ul
concentration of DNA2  |50attomol/25ul

polymerase AmpliTaq Gold
amount of polymerase 2.5U/100ul
Mg ion **mM

the concentration of probel 0.2uM
the concentration of probe2 0.2uM

Denaturing temperature 94°C
Denaturing time 30sec

Annealing temperature koo
Annealing time **gec

Extension temperature 72°C
Extension time 20sec
number of cycles 45

DNA1 and DNA2 in Table[f] are the intensity of light reflecting the concentration
of each DNA after amplification.

4.1 Statistical Analysis

Statistical analysis in DOE was applied to the results according to orthogonal
array. We focused on the two reaction characteristics for experimental results.
The first reaction characteristic is the concentration of DNA1 after amplifica-
tion. This analysis (analysis!) will be performed in order to attain the purpose
of obtaining DNA1 as much as possible. The second reaction characteristic is the
concentration difference of DNA1 and DNA2 after amplification. In this exper-
iment, the concentration of DNAI is equaled to DNA2 in an initial condition.
If DNA1 and DNA2 are amplified with keeping their concentration ratio, the
concentrations of DNA1 will be equaled to that of DNA2 after amplification in
this work. So, this analysis (analysis2) will be performed in order to attain the
amplification in which the initial concentration ratio of each template was made
to reflect. Statistical analysis is performed to each reaction characteristic.

4.2 Analysis 1

Here, we regarded the concentration of DNA1 after amplification as attributes,
and statistical analysis was performed to the experimental results. Table [flis a
result of statistical analysis of analysisi.
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Table 5. Results of experiments

||Experiment No.|DNA1|DNA2|| Mg |Time|Temp||

No.1 32.71 0 1.5mM | 1sec |47°C
No.2 0 0 1.5mM | 1sec | 52°C
No.3 24.39 0 1.5mM | 1sec |57°C
No.4 0 0 1.5mM |30sec|47°C
No.5 21.89 0 1.5mM |[30sec| 52°C
No.6 0 0 1.5mM |30sec| 57°C
No.7 0 6.39 || 1.5mM |60sec|47°C
No.8 23.75 0 1.5mM |[60sec| 52°C
No.9 54.52 0 1.5mM |60sec| 57°C
No.10 222.22( 82.39 || 4.0mM | 1sec |47°C
No.11 80.77 | 31.37 || 4.0mM | 1sec |52°C
No.12 38.75 | 51.94 || 4.0mM | 1sec |57°C
No.13 223.44(206.46|| 4.0mM |30sec| 47°C
No.14 354.78(275.89|| 4.0mM |30sec| 52°C
No.15 239.54(279.43|| 4.0mM |30sec| 57°C

No.16 424.36(292.09(| 4.0mM |60sec|47°C
No.17 434.06(414.77|| 4.0mM |60sec| 52°C
No.18 308.03(423.36|| 4.0mM |60sec| 57°C

No.19 0 111.23{{10.5mM| 1sec |47°C
No.20 0 62.51 [|10.5mM| 1sec |52°C
No.21 7.54 |42.01 {|10.5mM| 1sec |57°C
No.22 0 91.76 |{10.5mM|30sec| 47°C
No.23 2.95 [164.91({10.5mM|30sec| 52°C
No.24 0 144.83({10.5mM |30sec| 57°C
No.25 0 |145.58{|10.5mM|60sec|47°C
No.26 0 196.16|{10.5mM|60sec| 52°C
No.27 31.84 |245.01|{10.5mM |{60sec| 57°C

In the statistical analysis of DOE, the factors showing small mean square
are pooled to an experimental error. Fy is calculated for each principal factor
to compare with the experimental error. Here, since we obtained the result that
the effect of Mg x Time x Temp could be pooled to the experimental error, and
since analytic accuracy is improved by enlarging the degree of freedom of error,
we performed pooling for
Mg x Time x Temp to the error clause. When the test of the significance level
5% was applied to Fy, we were able to obtain the result that Mg, Time and Mg
x Time had the positive impact on a reaction result.

4.3 Analysis 2

Here, we regarded the concentration difference of DNA1 and DNA2 after ampli-
fication as attribute. In this case, this attribute is better as small, for it became
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an improvement in accuracy of initial concentration ratio maintenance. We an-
alyzed the same experiment data as analysisi, and treated Mg x Time x Temp
as error. Table [[lis a result of statistical analysis in analysis2. When the test of
the significance level 5% were applied to Fy, we were able to obtain the result
that Mg only had the positive impact on a reaction result.

Table 6. Table of analysis of variance 1 Table 7. table of analysis of variance 2

Mean square| Fp Mean square| Fp
Mg 183520.67 |108.44 Mg 66636.32 (29.19
Time 21034.11 | 12.43 Time 6418.49 2.81
Temp 1575.97 0.93 Temp 4881.76 2.14
Mg x Time 18223.58 | 10.77 Mg x Time 2873.13 1.26
Mg x Temp 3851.84 2.28 Mg x Temp 7066.35 3.09
Time x Temp|| 2397.87 1.41 Time x Temp| 1036.99 0.45

Error 1692.41 - Error 2282.88 -

4.4 Discussion

We could get the factors which had a positive impact on an experimental result
in both analysis1 and analysis2 by using DOE. These results suggest that DOE
is effective in optimizing of the PCR protocol in DNA Computing. The following
chapter describes about optimization.

We were able to obtain the result that the factors which had a positive
impact on the experimental result were different between two results. In short,
the important factors differ by the desired reaction of PCR. In consequence, this
suggests that optimizing a reaction protocol had better be performed for each
desired reaction. Additionally, we could get the interaction that had a positive
impact on the experimental result. Therefore we must take interactions into
consideration in favor of optimizing a reaction protocol.

5 Optimizations

In above analyses, we were able to derive the factors which had a positive impact
on each reaction characteristic. Here we actually tried to optimize each reaction
with using the result obtained above analyses.

5.1 Optimization for Amplifying DNA1

When we tended to obtain DNA1 as much as possible, we should observe only
Mg, Time as the result of analysisi. In analysis1, we found out that the optimum
value of Mg was 4mM and the optimum value of Time was 60sec. So we tried to
detect more suitable values by searching the neighborhood of these values. We
investigated the optimum value of Mg from 3mM to 5mM by 1mM unit and the
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optimum value of Time from 40sec to 80sec by 20sec unit. Temp was taken as
52°C which was the best value at first experiments.

Furthermore, since the influence of MgxTime was strong, we evaluated to a
total combination of Mg and Time. From the above setup, we performed opti-
mization experiment (optimizationl) to optimizing the amplification of DNAT,
and the experimental results were obtained as 9 pieces. The detailed results are
shown in Fig[l]

5.2 Optimization for Decreasing the Concentration Difference

For optimization about analysis2, we should observe only Mg as the result of
analysis2. In analysis2, when we focused on the concentration difference of DNA1
and DNA2 purely, the value of Mg which made this attribute the optimum was
1.5mM. However in that case, both DNA1 and DNA2 were not fully amplified.
So we regarded 4.0mM as optimum value of Mg in analysis2. For more sophis-
ticated result, we tried to detect the neighborhood of 4.0mM. We investigated
the optimum value of Mg from 3mM to 6mM by 1mM unit. Time was taken as
60sec, Temp was taken as 52°C.

From the above setup, we performed optimization experiment (optimiza-
tion2) to optimize the decrease of the concentration difference, and the experi-
mental results were obtained as 4 pieces. The detailed results are shown in Fig.
These values are absolute values of the concentration difference between DNA1
and DNA2.
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Fig. 1. Results of optimizationl Fig. 2. Results of otimization2

5.3 Discussion

Each reaction characteristics are improved clearly comparing to pre-optimiza-
tions. Besides, we found out that these two experimental results fluctuated
greatly according to changing important factors, respectively. This indicates the
validity of the results of analyses. When we have an interest in the results of
optimizationl, these are scattered intricately. It will be based on effect of inter-
action and will prove the existence of the effect of the interaction in chemical
reactions.
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From the results of optimizationl, we will come to a conclusion that an
optimum reaction state is Mg 3mM, Time 60sec, and Temp 52°C when we want
to gain DNA1 as much as possible. Additionally, from the result of optimization?2,
we will come to a conclusion that an optimum reaction state is Mg 4mM, Time
60sec, and Temp 52°C when we want to decrease the concentration difference of
DNAs. So we obtained the result that optimum reaction protocols were different
if desired reactions were different.

6 Concluding Remark

In this paper, we could show the necessity of optimization for each desired reac-
tion that was the purpose of this paper. However PCR is very complicated and
there is much characteristic which should be taken into consideration still more.
(e.g. specificity, total reaction time etc.) So a lot of evaluations to a lot of other
characteristics will be required. Furthermore, we expect that there is a certain
regularity between the kind of desired reactions and the kind of important fac-
tors. As future work, we are going to clarify this regularity by taking a lot of
experimental data. If it succeeds, it will be a guideline of optimizing reaction
protocols which are indispensable to improvement in a reliability of calculation
in DNA Computing.
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Abstract. In DNA Computing and DNA nanotechnology the design of
proper DNA sequences turned out to be an elementary problem [I1 [2] [3]
41 5 6] [7] 8, 9. We here present a software program for the construc-
tion of sets (“pools”) of DNA sequences. The program can create DNA
sequences to meet logical and physical parameters such as uniqueness,
melting temperature and GC ratio as required by the user. It can create
sequences de novo, complete sequences with gaps and allows import and
recycling of sequences that are still in use. The program always creates
sequences that are — in terms of uniqueness, GC ratio and melting tem-
perature — “compatible” to those already in the pool, no matter whether
those were added manually or created or completed by the program it-
self. The software comes with a GUI and a Sequence Wizard. In vitro
tests of the program’s output were done by generating a set of oligomers
designed for self-assembly. The software is available for download under
http://LS11-www.cs.uni-dortmund.de/molcomp /Downloads/downloads.
html.

1 Introduction

The most important requirement for DNA sequences useful for computation
is the avoidance of non-specific hybridizations. These can occur between the
sequences used in a self-assembly step, in a polymerase chain reaction, in an
extraction operation etc. Thus the main purpose for designing DNA sequences is
finding a set of sequences as dissimilar as possible, where the dissimilarity usually
includes comparison to complementary sequences. Another important aspect is
the control of the thermodynamic properties of the sequences, allowing the design
of a protocol (the actual application) minimizing the probability of hybridization
errors and possibly regarding other constraints given by the application.

There are several approaches to DNA sequence design. Seeman et al. de-
signed sequences using overlapping subsequences to enforce uniqueness [T}, [2].
The approach is based on the “repairing” of sequences. Deaton et al. used ge-
netic algorithms to generate a set of unique DNA sequences using the Hamming
distance for measuring the uniqueness [3}[4]. Marathe, Condon and Corn chose a
dynamic programming approach for DNA sequence design, also using the Ham-
ming distance [5]. They also described a dynamic programming based algorithm

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 23{32] 2002.
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for the selection of sequences with a given free energy. Frutos et al. developed a
so-called template-map strategy to get a grand number of dissimilar sequences
while having to design only a significantly smaller number of templates and maps
[6]. They also use a Hamming-like dissimilarity with no shifts of the regarded se-
quences. Hartemink, Gifford and Khodor designed sequences for the programmed
mutagenesis, which demands similar sequences with only a few mismatches [7].
The selection of appropriate sequences is done by exhaustive search, which is
feasible for short oligomers. Faulhammer et al. described a designing algorithm
for RNA sequences to be used in solving a chess problem [8]. They also use the
Hamming distance as measurement for uniqueness and do not construct the se-
quences but repair them as long as necessary, potentially non-terminating. Baum
suggested a method to design unique sequences by avoiding multiple usage of
subsequences by restricting the choice of nucleotides at the ends of the sequences

[9).

2 Theoretical Background

The program described here uses a concept of uniqueness that, within a pool
of sequences, allows any subsequence of a certain (definable) length to occur at
most once in that pool. This concept of uniqueness is related to the one described
by Seeman et al. [1|, 2] but a different approach was chosen. In particular the
software described here uses a fully automatic, graph-based approach [10].

acgcgctca complete sequence
acgcgce
cgeget base strands
gcgctc
cgctca

Fig. 1. A sequence of length ngy = 9 consisting of (ns — ny, + 1) = 4 overlapping
base strands of length ny, = 6.

According to this concept a pool of sequences is said to be ny, —unique if any
subsequence in the pool of length ny, is unique, i.e. all sequences of the pool have
common substrings of maximum length ny, — 1. Uniqueness on the other hand
is defined as 1 — (np — 1)/ng, a ratio to measure how much of a set of sequences
of length ng is unique. For example, 20-mers that are 10-unique have common
subsequences of at most 9 subsequent nucleotides and a uniqueness of 55%.

The generation algorithm uses a directed graph, where the nodes are base
strands (the unique strands of minimal length ny,) and the successors of a node
are those four strands that can appear as an (overlapping) successor in a longer
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sequence (see Fig. [, ). Thus, a set of ny-unique sequences of length ng corre-
sponds to a set of paths of length (ngy — np + 1) through this graph having no
node in common.

cgcgca

AN NN

cgcgcc
acgcge gcqctaé
Sgsacyd =
gcgctcé
cgcgcet §
gcgetg <
—_— = gcgcgctc -
gcgett
=

Fig. 2. Graph of base strands. A path of m nodes represents a sequence of length
np +m — 1. The node cgcgcg is self-complementary and therefore not used.

The details of this algorithm have been described in more detail earlier [10].
Note that this concept of uniqueness restricts the number of usable sequences
strictly. The number of base strands of length ny, is

Nbs(nb) = 4nb . (1)

Since complements of already used base strands are not used themselves, self-
complementary base strands are not used at all. The number of base strands
that can be used in the generation process is

Nbs(nb) — 4”"/2

Nuseful(nb) - f (2)
if ny, is even and
Nps(n
Nuseful(nb) = %b) (3)

if ny, is odd, because there are no self-complementary base strands of odd length.
A sequence of length ng consists of ng—np+ 1 base strands. Thus, the maximum
number of sequences built with the described algorithm is
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(4)

Nuse u
Nyeqs(ns,np) = {MJ

ng —np + 1

This estimation is probably a bit too high because it does not include the con-
straint of the base strands having to overlap. Further requirements such as GC-
ratio, melting temperature, the exclusion of long guanine subsequences or of
start codons decrease the yield.

3 DNA Sequence Generator

The program DNASequenceGenerator is based on the metaphor of a pool of
sequences that can be iteratively filled with sequences which meet the logical
and physical requirements. The main window represents a pool of sequences (Fig.
B). The user can add, import, export and print sequences to and from it. E.g.,
one might import sequences already available in the lab and add new sequences
that are compatible to those in terms of uniqueness, melting temperature and
GC-ratio.

{#* DNA7.pool - DNASequenceGenerator =10l x|
File Edit Wiew Generator Pool  Help

ple(a| »[ze] » o] | X| &)

No. |Length |GC% |Tm |Sequence | =
0 20 0.50 63.8 asagctogtoegtttaagagog

1 20 0.50 62.4 ttagbtgacgctgcgtgattc

2 20 0.50 63.5 geocttgaggtggaccaaatt

3 20 0.50 60.8 cogagttocactttaatagagg

4 20 0.50 6a0.68 ggocgbtcgctatoctctattt

5 20 0.50 64.5 tattocgatcttgtogoacge

& 20 0.50 B2.5 coctttoccacageoogtottta

7 20 0.50 63.1 accgcccattaccgttttag

8 20 0.50 64.4 attatttcctaagegogggg

9 20 0.50 61.3 acagaatctcogggacaatco

10 20 0.50 57.1 ctectacgttgagoaggtett

11 20 0.50 6l1.5 acacacgaccagcatogtat

12 20 0.50 &0.7 cagtgogggecactataaaaq

13 20 0.50 64.7 tggtggtatctgcccaaaca | |
14 20 0.50 59.4 cttactegecgagbtotcaat

15 20 0.50 58.8 accoctocgacctagtaaat

1la 20 0.50 6&0.4 cgtaataccgattactgecg N
For Help, press F1 [ m | s

Fig. 3. Screenshot of the main window, containing a pool of sequences.
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Fig. 4. The different steps of the sequence wizard for the three possible ways to
add sequences to the pool.

The process of constructing sequences is controlled by using a “Sequence
Wizard” (Fig.[d). The sequence wizard enables the user to:

1. import or manually add existing or strictly required sequences
2. import or manually add sequence templates that are completed to full se-
quences if possible. Sequence templates use a simple notation: The preset
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nucleotides (e.g. of a restriction site or other functional subsequence) are
specified normally, while an n stands for the positions to fill. E.g., if given
the sequence template nnnnaacgttnnnn, the generator replaces the leading
and rear four ns with nucleotides.

3. generate sequences de novo.

A pool of sequences can be built iteratively invoking the sequence wizard re-
peatedly using different parameter sets.

The user can also use the DNASequenceGenerator as a Ty, calculator for
whole sequence pools. After importing the sequences to the pool the melting
temperature is calculated automatically for each sequence. After changing the
pool conditions, T, will be re-calculated for all sequences in the pool. Pool
conditions that can be parameterized by the user are sample concentration,
monoionic salt concentration and formamide concentration. Also the method of
estimating the melting temperature can be chosen (Wallace rule, GC-% formula,
nearest-neighbor method) as well as different parameter sets for the nearest-
neighbor method.

4 Results

4.1 1In Silico

Experiments in silico were made to examine the possible yield of ny-unique
DNA sequences (Table [). Ten runs with different random number generator
seeds were made for each combination of ny- and ng-values, which ranged from
4 to 7nt (for ny) and 10 to 40nt (for ng), respectively. Most runs achieved a
yield of 80-90 % of the theoretically estimated maximum number of sequences

(see (®)).

4.2 1In Vitro

In order to test the program’s output, oligonucleotides for parallel overlap assem-
bly have been generated and assembled in vitro. The single-stranded molecules
overlap by 20 nucleotides (E/O sections, see Fig. Bl), where the overlap assembly
takes place, and a core sequence that stays single stranded in the assembly step
and is filled later by the use of polymerase. Additionally, the sequences had to
have restriction sites at specified locations.

The DNASequenceGenerator provided the needed sequences, which hybri-
dised which high specificity to form the desired molecules.

Additionally, the melting temperature of a batch of 51 of the generated se-
quences with a length of 20bp and a GC ratio of 50% was analyzed with a
Roche LightCycler™ (Figs.[6 [7). Since the oligos were selected for their GC ra-
tios rather than their melting temperatures, their melting temperatures ranged
between 53 and 63 °C.
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Table 1. Yield of np-unique sequences averaged over 10 runs, theoretic maxi-
mum yield and ratio. This is only an excerpt of all experimental results.

Tis np =4 Np = O np =6 n, =7

15 8.1 of 10 38.6 of 46 165.4 of 201 757.8 of 910
(81.0%) (83.9%) (82.3%) (83.3%)

16 7.3 0of 9 35.6 of 42 150.5 of 183 682.1 of 819
(81.1%) (84.8%) (82.2%) (83.3%)

17 6.8 of 8 33.0 of 39 138.5 of 168 623.4 of 744
(85.0 %) (84.6 %) (82.4 %) (33.8 %)

18 6.1 of 8 30.7 of 36 127.3 of 155 573.3 of 682
(76.3 %) (85.3%) (82.1%) (84.1%)

19 5.8 of 7 28.4 of 34 118.4 of 144 531.1 of 630
(82.9 %) (83.5 %) (82.2%) (84.3 %)

20 5.6 of 7 26.6 of 32 111.4 of 134 494.8 of 585
(80.0 %) (83.1%) (83.1%) (84.6 %)

30 3.30f4 16.9 of 19 67.8 of 80 294.0 of 341
(82.5 %) (88.9 %) (84.8 %) (86.2 %)

40 2.0 of 3 12.2 of 14 48.2 of 57 211.1 of 240
(66.7 %) (87.1%) (84.6 %) (88.0 %)

Fig. 5. Overlap assembly of DNA sequences. The O;- and E;- subsequences were
designed such that E; is complementary to O;4.



30 Udo Feldkamp et al.

X0

0.357

0.257 Lo | H
-dF/ 0.2- 1
dT [

0.157 ;Z FS;

0.1 fay ;
;kf*rk H
0.050 | | olopieqirtt® &i«ﬂﬁ
0 e, 2 .
30 40 50 60 70 80 90
T (°C)

Fig. 6. Sample melting plot of one of the oligos. The y-axis shows the fluorescence
absorption, the x-axis shows the current temperature in °C. In this case the
oligo’s Ty, is 60.1°C.
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Fig. 7. Distribution of Ty,’s of 51 oligonucleotides. All oligonucleotides were
20 bp long and had 50 % GC ratio. The distribution of Ty,’s is in a range from
53 to 63°C.
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5 One Step Further: The DN ASequenceCompiler

While the DNASequenceGenerator could, in principle, be used for sticky-end
design, its sibling tool, the DNASequenceCompiler, is more specifically suited
for this task [10]. It is designed to translate formal grammars directly into
DNA molecules representing the rules of the grammar. As these rules determine
how terminals are assembled to expressions, they also determine how the DNA
molecules self-assemble to larger molecules. Thus, the DNASequenceCompiler
provides an interface for the programmable self-assembly of molecules.

It mainly consists of three parts: a parser module for reading the “source
code” which contains the symbol sets and the rules of the grammar as well as
physical of chemical requirements for the sequences; the generator as a core mod-
ule for the generation of the sequences; and a coordinating instance controlling
the use of the generator while regarding the additional requirements in respect
to uniqueness that arise for concatenated sequences.

Currently, a preliminary version of this tool is in use for the design of se-
quences for algorithmic self-assembly. A user-friendly version is under develop-
ment. Further enhancements will tackle branched molecules, the consideration
of secondary structures occurring on purpose, and a “programming language”
on a higher level of abstraction than a formal grammar.

6 Conclusion

Here, a software tool for the design of DNA oligomers useful for DNA computa-
tion and DNA Nanotechnology was presented. The software uses a graph-based
approach and generates pools of unique DNA sequences automatically according
to the user’s logical and physical requirements. First experimental results with
sequences yielded with the software are encouraging and suggest further inves-
tigation. Additional experiments to measure melting temperatures, uniqueness
of the sequences and specific hybridization behaviour are currently under inves-
tigation. A challenging task will be the development of a benchmark protocol.

The DNASequenceGenerator can be seen as a basic design tool for multiple
purposes. The design of sophisticated DNA structures, such as cubes [I1] or
double- [12] or triple-crossover molecules [I3] will require a more specialized
program. The DNASequenceCompiler which is currently developed is intended
for such a purpose and may help design molecules suitable for algorithmic self-
assembly.
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Abstract. The goal of this research is to improve the programmabil-
ity of DNA-based computers. Novel clockable microreactors can be con-
nected in various ways to solve combinatorial optimisation problems,
such as Maximum Clique or 3-SAT. This work demonstrates by construc-
tion how one micro-reactor design can be programmed optically to solve
any instance of Maximum Clique up to its given maximum size (V). It
reports on an implementation of the concept proposed previously [I]. The
advantage of this design is that it is generically programmable. This con-
trasts with conventional DNA computing where the individual sequence
of biochemical operations depends on the specific problem. Presently,
in ongoing research, we are solving a graph for the Maximum Clique
problem with N = 6 nodes and have completed the design of a micro-
reactor for N = 20. Furthermore, the design of the DNA solution space
will be presented, with solutions encoded in customised word-structured
sequences.

1 Introduction

DNA computing involves a multidisciplinary interplay between molecular biol-
ogy, information science, microsystem technology, physical detection methods
and evolution. Since the first practical example by Adleman [2] there has been
intensive research into the use of DNA molecules as a tool for calculations, simu-
lating the digital information processing procedures in conventional computers.
In the short term, however, the main application of DNA computing technol-
ogy will be rather to perform complex molecular constructions, diagnostics and
evolutionary tasks. However, in order to assess the limits of this technology, we
are investigating a benchmark computational problem: Maximum Clique, with
an NP-complete associated decision problem, chosen because of its limited input
information [3]. The step from batch processing in test tubes to pipelined pro-
cessing in integrated micro-flow reactor networks [I], gives us complete control
over the process of information flow and allows operations much faster than in
conventional systems. More importantly, it allows the extension to optical pro-
gramming. Moreover, the proposal differs radically from the surface based DNA
computing approach [4] in requiring no problem dependent manual or robotic
operations, programming of specific problem instances being completely under

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 33-{45] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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light controlled immobilisation techniques. While other publications report on
micro-flow reactor networks [5I6/7], this paper describes the first steps towards
practical DNA computing in micro-reactors.

2 Benchmark Problem

2.1 Maximum Clique

The decision problem associated with the maximum clique problem becomes
rapidly harder to solve as the problem size increases (it is N P-hard). Maximum
clique requires finding the largest subset of fully interconnected nodes in the
given graph (Fig. 1). To obtain the set of cliques and then determine its largest
member using a micro-flow system, an algorithm was devised consisting of a
series of selection steps containing three parallel selection decisions.

Fig.1. An N = 6 instance of the clique problem. The maximum clique is given
by ACF, represented by 101001.

The problem can be divided into two parts: (i) find all the subsets of nodes
which correspond to cliques in the graph and (i) find the largest one. The
basic algorithm is simple [1]: for each node ¢ (¢ > 1) in the graph retain only
subsets either not containing node 7 or having only other nodes j such that
the edges (i,7) are in the graph. This can be implemented in two nested loops
(over ¢ and j), each step involving two selectors in parallel. A third selector has
been introduced to allow the selector sequences to be fixed independently of the
graph instance. Thus the graph dependence is programmed not by which but by
whether a sub-sequence selection in the third selector is performed (see Fig. 2).
The above procedure is described in more detail by McCaskill [1]. It is important
to note that only positive selection for sequences with the desired property is
performed, not subtractive selection.
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Fig. 2. A flow diagram showing the selection step for node subsets regarding
‘cliqueness’ at (4, 7). The three modules reflect that either node ¢ or node j is
absent or the edge (¢, 7) must be present in the graph.

The edges of the graph, i.e. the connections between the nodes, can be rep-
resented by a so called connectivity matrix. The connectivity matrix for the
6-node example shown in Fig. 1 is the 6 x 6 matrix in Table 1. As Table 1 shows,
the matrix is symmetrical over the diagonal, while the diagonal is trivially one,
reducing the number of necessary selections from N? to 1/2N(N — 1).

Table 1. The connectivity matrix for the 6-node graph as shown in Fig. 1.
The shaded numbers are trivial selections and don’t have to be included in the
selection procedure to obtain all the cliques. The boxed positions also do not
influence the selection, but are included to allow optical programmability.

2.2 Selection Procedure

Each DNA sequence encodes a binary sequence corresponding to a particular
subset of nodes in the graph. Different DNA sub-sequences are used to represent
presence (1) or absence (0) at each node. As shown in Fig. 2, each selection
step consists of 3 selection modules connected in parallel. After each selection
step, the sub-population is passed on to the next selection step. Each selection
module is coded with short selection-DNA strand (ssDNA) from a finite set of
2N predefined sequences. Following the selection algorithm as described above,
the final population of DNA-sequences will consist of all the possible cliques
represented in the given graph. For the example given graph in Fig. 1, Table 2
shows all the possible cliques.

Table 2. All the possible cliques from the graph shown in Fig. 1. Note that
the nodes themselves are cliques as well.

To determine the maximum clique, a sorting procedure has to follow, to select
the DNA-sequence with the largest number of bits with the value 1. As shown in
the example, Table 2, this would be 101001 (ACF'), which with 3 bits of value
1 represents the maximum clique.
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Any graph instance up to the maximum size N can be programmed using
the same one microreactor design.

3 DNA Library

PES1 Y0 V1 W2 V3 V4 V5 VE

VB W7 VB Wa W10 VI PBS2

Fig. 3. Design of the DNA used for computation.

3.1 Word Design

The DNA consists of 12 bits (V0-V11) and two primer binding sites (PBS), which
contain restriction sites for BamHI (G | GATCC') and EcoRI (G | AATTC),
respectively. (Top) The complete DNA was assembled by hybridization of two
oligodeoxynucleotides in bit V6 and polymerization. Only the upper strand
(spanning VO0-V6) was randomized as described by Faulhammer et al. (2000); for
the overlap assembly, two different lower strands (spanning V11-V6) with fixed
sequence were used. Cloning and sequencing gave no indication of a nonrandom
composition of the library. (Bottom) The sequence of the DNA words used. The
bit value (0 or 1) is given in the suffix after the bit position. The sequences do
not show significant similarities

The DNA molecules used consist of a series of 12 words which assume a
value of either 0 or 1 (Fig. 3). This gives us a certain flexibility in the choice
of a optimal set for the case N = 6. The word design is a compromise between
maximal specificity of the pairing of the DNA words with complementary probes
immobilised on magnetic beads and minimal secondary structure of the single-
stranded DNA analysed. Since every word not only represents a bit value, but
also the bit position, all DNA words must be unique.

In the original work on the Maximal Clique Problem, the length of the 0 and 1
words were different, which helped to identify the maximal clique from a mixture
of all cliques by chromatography [3]. A fixed word length with an identical G4 C
content (50%) was chosen in order to obtain comparable melting points (in
contrast, Ouyang et al. [3] used restriction cleavage for selection). A word length
of 16 nt is long enough to ensure specific hybridisation and short enough to
minimise secondary structure. Unlike the design used by Faulhammer et al. [§]
we did not create constant boundary regions between the bits but checked all
the overlap regions for non-specific binding. Furthermore, the purification of the
library is easier if one uses a fixed length. Since the sorting of the maximal clique
occurs in the DNA reactor, no additional molecular properties are needed.
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To perform a word design from random sequences, the following criteria had
to be fulfilled:

— the difference in base sequence between different words (Hamming distance)
including the primer binding sites (PBS), should be maximal in all different
registers. Gaps in the sequence alignment were not considered at this time;

— the distance between the sequences should be valid in all possible frames,
i.e., the neighbouring sequences (all combinations) should be included in the
analysis;

— in the words or at the boundary between words the restriction sites used in
the primer binding regions should be present.

3.2 Synthesis of the DNA Library

The DNA synthesis, performed at NAPS (Gottingen, Germany), followed the
“mix and split” strategy of Faulhammer et al. The randomised DNA, consisting
of PBS1 and bits VO-V6, was then combined by overlap assembly [3lJ§] with a
non-random molecule, consisting of bits V6-V11 (i.e., the overlap was at V6) and
a second PBS2. Following PCR amplification and purification, single-stranded
DNA molecules could be prepared by linear amplification and purification on
non-denaturing gels.

Unambiguous amplification patterns (for two N = 6 individual sequences)
were detected when a hot start polymerase was used and the reaction was limited
to 20 cycles, indicating that the hybridisation of complementary bits is specific
and that the DNA words were properly chosen (see Fig. 4). A unique pattern
was even obtained in the case of a 10% contamination with a wrong solution.
The PCR readout was monitored in real-time using intercalating fluorescent dyes
(iCycler, Bio-Rad, CA; SYBR Green I, Molecular Probes, OR). More detailed
results of the biochemical analysis will be published elsewhere.

4 DNA-computer Set-up

4.1 Microreactor Structures

The above procedure can be implemented in a network of micro-reactors. To
this end we have developed a module which is able to make positive selections
from a population of specific DNA sequences. To actively transfer the selected
DNA sequences to the appropriate output, they are transferred from one flow to
another by moving paramagnetic beads on which single stranded selector-DNA
complementary to a nodal sub-sequence is immobilised. The DNA strands in
solution hybridise to the selector-strands and are thus transferred to another
channel in the micro-flow reactor where they are de-hybridised and passed on to
the next selection procedure. To optimise the transfer of only the appropriate
sequences, a washing step has to be performed so as to rinse off the non-specific
bound DNA sequences. See Penchovsky and McCaskill [9] for an experimental
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Fig. 4. Typical example of a multiplex PCR analysis. The readout follows Adle-
man’s (1994) strategy, but with a mixture of primers in a single tube, as in-
troduced by Faulhammer et al. (2000). DNAs containing the sequences (bits
V0-V6) 0010100 (two left lanes) and 1010011 (two right lanes) were amplified
using the constant primer binding to PBS1 (1 pM) and a mixture of reverse
primers (hybridizing to VO-V6) with a value of either 0 or 1 (AmpliTaq Gold;
95° C, 10 min, followed by 10 cycles of 95°/47°/72°, 30 s each) and analyzed
on a 4% agarose gel (inverted for better readability). If only bands of correct
molecular weight are counted (arrows), the correct band pattern (cf. Fig. 3) can
be read.

investigation of this process in a separate microreactor design. A typical selection
module is shown in Fig. 5.

To prevent the beads from flowing to other STMs, a bead-barrier has been
added to the design, which stops the beads from disappearing down the channels.
This also provides a straight ledge to move the beads along. Furthermore, by
extending the barrier into the channels, a back-flow from the next selection
stage is prevented. Experiments and simulations have shown that this design is
necessary to ensure a correct flow. More results will be published elsewhere.

Presently we have constructed microflow reactors for N = 6 and N = 20
nodes and are testing performance firstly with the N = 6 version requiring 15
(= N(N—1)/2) STMs and 14 (= 2N — 1+ 3) inlets. The number of inlets scales
linearly and the number of modules quadratically in the problem size.

There are 2N selection-strands needed, the 0 and 1 bit representation of
the N nodes. This number determines the architecture of the DNA-computer
microstructures, while these selection-strands have to be transported to the des-
ignated selection and sorting modules. In the N = 6 case, there will be 11
programming channels, 2 supply channels and 1 template channel. The program-
ming channels will be used for the de-hybridisation solution during operation.
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Fig.5. The Selection Transfer Module (STM). The DNA template enters
through channel A. Some of the DNA-strands will hybridise to the selector-
strand, which is immobilised on the paramagnetic beads. The beads are moved
with a magnet through a wash channel B, to rinse off the unbound strands, into
the de-hybridisation channel C from where the selected strands will be trans-
ported after a continuos flow neutralisation step, to the next STM. No fluidic
switching of flows is required.

Table 3 shows all the ssDNAs necessary to perform the clique selection for a
graph of N = 6. The selection-strand A; is not present due to the fact that it
would only be needed to solve the trivial case when comparing node A to itself.
The shaded area indicates the positions which must be programmed according
to the connectivity matrix. If there is no connection, this field stays empty (f).
For the example presented in Fig. 1, the first column, checking the connectivity
with node A, would contain beads labelled with (# C; 0 F1) successively. It is
clear from this table, that the design of the DNA-computer is determined by the
problem type and algorithm choice, but not by the problem instance. The design
for a 3-SAT problem, for example, would be different. Figure 6 shows the total
lay-out for the clique and subset size selection microflow reactor for the case of
problems up to N = 6.

Table 3. All the necessary selection steps, for a graph of up to N = 6 nodes,
needed to determine the existence of edges between node i and j. The letter
indicates the nodes while the indices denote the bit value (0 or 1). {) is an empty
STM. The shaded area is programmable and is determined by the edge between
node ¢ and j.

4.2 Sorting Module

The sorting section consist of a parallel selection method to determine the num-
ber of bits of value 1 in the DNA-sequence. The algorithm employed is similar in
structure to the proposal in Bach et al. [T0]. In this design, positive selection for
the 1-bits is employed. In the final version of the design (not shown) the 0-bits
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Fig. 6. The complete design of the DNA-computer for graphs with up to 6
nodes. The top right triangle does the length selection, while the other half does
the clique selection. The square pads are the input and outputs of the DNA-
computer, while the rest of the channels are supply channels. These are connected
on the back of the wafer with the reactors (the light grey, horizontal channels).
The abbreviations are as follows: Wh is the wash inlet; IV is the neutralisation
inlet; Ag—F) are the ssDNAs programming inlets; 7" is the input template; Out
is the output from the clique sorting modules; ST is the sorting module input
channel; Wa is the waste output; Oi are the sorted outputs, with ¢ the clique
length. The second row of ssDNAs is for an alternative sorting programming
scheme with increasing number of nodes.

will also be actively selected. There are 12 outputs from the selection in which
the population is classified (only seven are needed). Table 4 shows the ssDNA
needed to perform the sorting procedure as shown in Fig. 6. After step 1, all
the strands with Ay in the sequence will flow down to the step 2, while all the
other strands with A; move one column to the right and to step 2. This process
continues until the output layer is reached.

Table 4. All the selection-strands needed for the length sorting procedure.
The output gives the number of bits with value 1.

It can be seen that the path through the sorting module gives the sequence’s
code. This means that if the DNA strands are fluorescence labelled, their path
can be followed optically (e.g. Mathis et al. [IT]) and no gel electrophoresis is
needed to analyse the sequence.
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4.3 Clique Selection Module

The STMs have three supply channels, for the DN A-solution template, the wash-
ing solution and de-hybridisation buffer respectively. De-hybridisation is per-
formed by using an alkali solution (NaOH), adjusted in concentration for the
common “melting” temperature of the hybridised DNA strands. Because of the
change in pH at the de-hybridisation step, a subsequent neutralisation step is
necessary after each selection stage before flowing the selected DNA into the next
module. This procedure has been successfully applied as shown by Penchovsky et
al. [6]. In order to allow the magnetic beads to move uniformly from left to right
in all the STMs over the entire microflow reactor, alternate stages are mirrored
(see Fig. 7). When the DNA-sequences de-hybridises from the beads, the beads
in the next stage will be in the correct place for hybridisation to take place.

wash channel
waste channel

i

template channel

left handed

I right handed
=

neutralisation channel

programming channels

Fig. 7. Two selection steps in sequence as found in the microflow reactor design.
Each selection step has 3 selection modules for a node connectivity decision
(dark grey) with the template, wash, programming/de-hybridisation, neutrali-
sation and waste channels. The supply channels are connected to the modules
by horizontal channels etched on the back of the silicon wafer (light grey).

4.4 Programmability

These Strand Transfer Modules (STM) can be optically programmed as outlined
in [I], by means of photo-immobilisation [I2], thus creating a programmable
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micro-fluidic computer. Unlabeled beads are delivered in parallel at the appro-
priate locations to each STM. UV laser light then determines whether or not a
sequence is immobilised on the beads at each STM. If there is no connectivity
between a pair of nodes, the corresponding third STM is not immobilised. The
other STMs can be preloaded with immobilised beads since they will never have
to be changed when re-programming the problem. The immobilisation pattern
is directly related to the connectivity matrix, from which a programming mask
can be derived. The information flow can be tracked using a sensitive CCD de-
tection system to detect laser-induced fluorescence with intercalating dyes or
labelled DNA Because of the fluorescent information from each STM in which a
correct DNA strand transfer occurs, it is possible to monitor the solution of the
algorithm to its conclusion over time.

100X
XK

Fig. 8. A close up is shown of the first two clique selection steps. The flows and
transfer are shown with the coloured lines. The binary sequences (where X =0
or 1) indicate what selection has taken place.

4.5 Etching Procedure

The whole micro-reactor configuration is photolitho-graphically etched on 4”
(100) silicon substrates. The etched wafer is sealed with an anodically bonded
pyrex glass wafer. Capillary tubing (0.8 mm diameter) is attached through ul-
trasound drilled holes in the pyrex wafer. The distance between the holes is 3.5
mm. The supply channels width on the front side are 200 _m, while those on the
back are 300 _m. The relatively large width is to reduce the flow resistance and
pressure drops in the structure. The channel width in the STMs is 100 _m. To
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etch through the 220 _m thick silicon wafer, etching pads on the front (200 x 200
-m) and on the back (300 x 300 _m) are made as to obtain holes of 100 x 100
-m. These then have the same width as the channels in the STM.

4.6 Set-up Overview

To set up a DNA-computer in a micro-flow system puts high demands on the
control system, an overview of which is presented in Fig. 9.

robotics

DNA

liquid handling / computer sorting module

e

-~

%y detection system
computer control

Fig. 9. An overview of the operation of a DNA computer.

To distribute the DNA template and buffer solutions to the wafer, a liquid-
handling system is connected. It consists of a pipetting robot and a series of
multi-position valves which control the solution distribution. Flow rates will be
smaller then 1 _1/min. One of the multi-position valves, together with the micro-
structure architecture, makes it possible to address the individual immobilisation
sites in the STMs for the selection strand. This can readily be made parallel
for full scalability. To programme the computer optically laser light from an
EXCIMER laser (308 nm) is used to project either serially trough a microscope
or through a static (later dynamic) mask. The wafer is mounted on an zy-
translation stage so as to address all the STMs individually. A detection system
consisting of a CCD camera for a general overview and a microscope for detailed
pictures is in place.

The beads are moved by a magnet which sweeps over the DNA-computer’s
surface. This sweep clocks the serial steps of the computation, from one stage to
the next, which is pipelined to increase throughput.
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5 The Next Step: A 20-node DNA-computer

Presently an initial design for a DNA-computer has been constructed to solve
a Maximum Clique problem for N = 20. The principle layout is the same as
for the N = 6 case, although it will require a tighter control over the flows.
This design has 190 STMs, 210 sorting modules, 43 inlets and 43 outlets. Figure
10 shows the top channel layer for the 20-node computer. The first version has
been etched on a 4” wafer in the same fashion as the 6-node computer described
above.

]
1]
1]
II
.

Fig. 10. The complete top layer of the DNA-computer for a 20-node graph. The
top right triangle does the length selection, while the other half does the clique
selection. The square pads are the input and outputs of the DNA-computer,
while the rest of the channels are supply channels.

6 Conclusion

Microflow reactors will prove to be a powerful tool to construct a programmable
parallel DNA computer. The main advantage is in the light programmable,
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integrated system (operating under steady flow) with no problem dependent
pipetting steps. Future reactor configurations can be made re-configurable with
evolving DNA-populations to obtain a universal programmable DNA-computer
[13].
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Abstract. The paper demonstrates experimentally the basic principle
of DNA transfer between magnetic bead based selection stages, which can
be used in steady flow microreactors for DNA Computing [McCaskill,
J.S.: Biosystems, 59 (2001) 125-138] and molecular diagnostics. Short
DNA oligomers, which can be attached covalently to magnetic beads by
a light programmable photochemical procedure [Penchovsky et.al.: Nu-
cleic Acids Res., 22 (2000) e98], are used to bind matching ssDNA from
a flowing solution. The beads are restrained in two reaction chambers
(modules) by etched ledges in a bonded microreactor made of silicon
and glass, with the solutions flowing in closed micro-channels. The ac-
tion of a steady flow network of selection modules is studied in this two
chamber microreactor using a succession of different buffer solutions at
alternate pH to simulate the transfer between parallel flows in the former
system. The pH changes cause successive hybridisation and dissociation
of ssDNA to matching sequences on the beads. Detection of DNA is by
fluorescence from rhodamine-labelled target DNA. The results demon-
strate the successful selection of specific DNA in one module and its
subsequent transfer to and pickup on the magnetic beads of a second
module. This verifies the biochemical operation of the basic processing
step for optically programmable DNA Computing in micro-flow reactors.

1 Introduction

One of the main attractions of DNA-based computation is that it allows a high
level of customization as parallel processing hardware. In order for such fully cus-
tomised approaches to parallel computation to be effective, however, attention
must be devoted to ensuring that the DNA computer remains programmable for
complex problems. A recent paper by one of the authors has demonstrated that
optical programmability is an efficient choice for DNA Computing in conjunc-
tion with microreaction technology [1]. Microflow systems can implement a novel
kind of dataflow architecture in which a stream of DNA molecules with differ-
ent sequences are processed in parallel by a network of sequence-discriminating
modules. A key example of such modules, as detailed in [T], is called the Strand
Transfer Module (STM) and allows the selective transfer of DNA containing

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 46-{56] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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a specific subsequence between two flows. In this paper, we demonstrate the
ability to select DNA from a continuous stream in one module and pass it on
isothermally to be picked up by a second module. On the basis of these ex-
periments, we deduce appropriate chemical conditions for implementing strand
transfer modules under constant flow conditions for DNA computations. The
technology should also be of interest for molecular diagnostics such as expres-
sion and single nucleodite polymorphism analyses.

The transfer is implemented using DNA attached to paramagnetic beads and
clocked by an external magnet, in parallel for all modules. A physical realization
of such a module was presented previously [2]. Different buffer solutions in neigh-
bouring channel flows are brought into contact by removing a small stretch of
intervening wall (to allow the passage between them of beads under a magnetic
field). Three different buffer solutions are used to achieve DNA hybridisation to,
selective washing on and release from complementary matching oligomers im-
mobilized on the super-paramagnetic beads. In this paper, we will demonstrate
that these individual steps can indeed be performed in microflow reactors and
will also show the range of buffer conditions necessary for this to be achieved.

A technique for optically programming such modules via the photochemically
driven attachment of DNA oligomers to magnetic beads has been developed and
tested by the authors [3]. In a parallel paper by our research group, we show
how scalable, optically programmable microreaction technology, in steady flow,
is being developed using STMs to allow a solution to combinatorial optimisation
problems [4].

To quantify the efficacy of DNA selection according to this technique, a
special two-chamber microreactor design was employed, allowing independently
switchable flows for complete control. This design, shown in Fig. 1, shares the
basic feature of STMs in that paramagnetic beads selectively capture DNA and
are restrained by ledges positioned across the flow. However, it allows larger bead
quantities and manual manipulation to be employed to assist in the quantitative
characterization.

This work has direct bearing on our ability to integrate DNA Computing.
In contrast with surface-based approaches to DNA Computing [3], the essential
computational steps in the flow systems we are proposing are not dictated by
off-chip pipetting robots. It can be regarded as a step towards a fully yTAS (mi-
cro Total Analysis System) conception of DNA Computing. Such a contribution
is beneficial, not simply in terms of automation, but also for the scalable pro-
grammability of DNA Computing, since one hardware design is able to deduce
the solution to any problem of a given class. We do not address the issue of con-
structing new solutions in the course of a computation in this paper, although
this is the key to overcoming the fundamental limitation to DNA Computing
as proposed by Adleman [6]. However, as will be addressed elsewhere, this is
possible within the STM framework using evolution.

Microfluidic platforms are being developed in a number of laboratories for

various applications including enzyme assays [7], chemical synthesis [§], on chip
PCR [9], and DNA analysis [IO[TTJI2]. The research towards labs-on-a-chip is
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Fig. 1. Overall scheme of the micro-flow reactor employed to quantify DNA
selection and transfer. The three inlet channels (1, 2, 3), the outlet channel (8)
and the two chambers (4, 6) each with its own bead barrier (5, 7) are shown.
Beads are introduced into the first and second chamber and restrained there by
the bead barrier. The depth of the channels and the two chambers is 140 pm.
The depth of the intervening bead barriers is 10 pm. Different structures for the
various bead barriers were used for a functionality not relevant to the current
experiments. The microreactor is sealed using anodic bonding of a pyrex wafer,
with holes to allow access from polyethylene connecting tubing drilled in the
pyrex above the inlets (1, 2, 3).

based on the idea of the integration on a single wafer of different chemical pro-
cesses, all requiring different reaction conditions. DNA Computing places ex-
treme demands on microfluidic systems, some of which are shared by molecular
diagnostics. Recently microfluidic devices have been applied for implementing a
parallel algorithm using fluid flow [13]. In contrast to a DNA computing based
approach (as presented here) only limited parallelism achievable using only beads
to store computational states. In our case we are developing microflow architec-
tures for selection and sorting of DNA from complex populations which could
open up new possibilities for integrated diagnostic applications with pipeline and
conditional testing. The current work also lays the foundation for such applica-
tions.

2 Materials and Methods

2.1 Paramagnetic Beads and Oligodeoxynucleotides

Polystyrene super-paramagnetic beads were purchased from Micromod GmbH
(Rostock, Germany). The beads are 15 pum in diameter, carboxyl-coated and es-
sentially monodisperse. Oligomers were obtained from IBA-NAPS (Goettingen,
Germany). The DNA was 5’ amino-labelled using a C6 linker. All DNA was
purified to HPLC grade. The oligomer sequences used are shown in Table 1.
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2.2 DNA Immobilisation to Paramagnetic Beads

2.5 nmol of the 35 nt 5" amino-modified oligomer (see Table 1, line 1) was used
for the covalent attachment to carboxyl groups on 5 mg beads dissolved in 500
11 100 mM MES buffer pH 6.1 in the presence of 50 mM EDAC. The reaction
was incubated for 3 h at 28°C under continuous shacking. Amino-coated beads
could be employed for a light-directed DNA immobilization[3].

Table 1. Oligonucleotides used

Type of 5’ Length
N modification ~ Sequence 5’ - 3’ [nt]

1 Amino C6 TTTTTTTTTTTTTTTACAGACAAGCTGTGACCGTC 35

2 Rhodamine 6G GACGGTCACAGCTTGTCTGTA 21
3 ——m TACTGTCGCAGCTTGTCTGTATTTTT 26
4 Rhodamine 6G TACTGTCGCAGCTTGTCTGTA 21

2.3 Microflow Reactor for Quantifying DNA Selection and Transfer

The microflow reactor used in these experiments was a two serially coupled
chamber design with larger chambers than in the standard STMs to assist in
quantitation, see Fig. 1. The ledges to restrain beads under fluid flow have a
more complicated form than necessary, to allow the microreactor to be used
in other contexts not discussed here. The construction of the microreactors is
in the same materials (100 oriented silicon wafers bonded to pyrex glass) and
micro-machining procedure employed in the full microflow DNA Computer [2/4].

2.4 DNA Selection and Transfer Protocol on Beads in Microflow
Reactor and Its Quantification

Beads with immobilised DNA (as described above) were incorporated in a mi-
croreactor using a precision syringe pump (Model 260, World Precision Instru-
ments Inc., Sarasota, FL). The hybridisation was carried out in 500 mM tris-
acetate buffer pH 8.3 and 50 mM NaOH in the presence of 1 uM 5’ rhodamine 6G
labelled DNA oligomers (see Table 1, line 2) at 45°C under flow conditions. After
each hybridisation step, the beads were washed with 150 mM tris-acetate buffer
pH 8.3 at the same temperature. Hybridised DNA on the beads was denatured
using 100 mM NaOH. The denaturation solution is reversed to a hybridising so-
lution by adding an equal volume of 1 M tris-acetate buffer pH 8.3. The capacity
of the buffer is not exhausted by the NaOH solution, so that no change in the
pH of the tris-acetate buffer upon mixing was observed.
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2.5 Fluorescence Quantification of DNA In Situ

An inverted microscope (model Axiovert 100 TV, Carl Zeiss, Jena, Germany)
was applied for detection of the hybridisation of 5’ rhodamine 6G labelled DNA
oligomers to immobilised DNA to polystyrene carboxyl-coated beads incorpo-
rated into a microflow reactor. The microscope was connected by an optical
fiber to an argon-ion laser (model 2080-15S, Spectra-Physics Lasers, Inc., CA).
The fluorescent images were detected by a CCD camera (CH250-KAF1400, Pho-
tometrics, Tucson, AZ) connected to the microscope by a C-Mount adapter. An
emission fluorescent filter opening at 540 nm and closing at 580 nm (Oriel In-
struments, Stratford, CT) was used. The images were obtained and analysed
by PMIS image processing software (GKR Computer Consulting, Boulder, CO).
The average fluorescence signal of regions of images containing beads was mea-
sured, subtracting background (dark plus bias) images.

3 Results and Discussion

3.1 Efficient Buffers for DNA Selection, Washing, and Release

Rather than moving the beads, as will be done in integrated applications using
the STMs, we keep the beads stationary to facilitate better comparative quan-
tification and switch the composition of the flow instead. A theoretical back-
ground for such selective hybridisation kinetics has been presented previously
[T]. We postpone the important analysis of the efficiency of DNA selection to
the following section. There are several other issues which must first be resolved
experimentally.

the ability to capture DNA on beads from a flowing solution

— the ability to discriminate mismatched DNA by washing

the ability to dissociate hybridised DNA efficiently with a reversible buffer
the ability to bind matching DNA selectively in the presence of mismatched
DNA

The experiment presented in this section was designed to address these issues
in practice. One chamber of the microreactor shown in Fig. 1 was filled with
beads immobilized with DNA (see Table 1, line 1). The reactor was held at
a temperature of 45°C while a series of different buffer solutions were pumped
through the chambers as described below (see Fig. 2). The selective hybridisation
in flow involved firstly exactly matching DNA (1 uM ssDNA, see Table 1, line 2)
fluorescently labelled with rhodamine 6G in the hybridising buffer solution (500
mM tris-acetate pH 8.3 and 50 mM NaOH). This buffer was chosen since it is
the solution in which DNA released from a previous module will be immersed.
It arises in a previous module through neutralization of the dehybrising solution
(100 mM NaOH) by mixing with an equal volume flow of buffer (1 M tris-
acetate pH 8.3). In a separate measurement, it was confirmed that the pH change
of the buffer on mixing is negligible. The series of fluorescence measurements,
monitoring the concentration of hybridised DNA on the beads, is shown in Fig.2.
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Fig. 2. DNA hybridisation fidelity analysis on beads placed in a microflow reac-
tor. The average fluorescence intensity (minus background signal) of the region
of the microreactor containing beads (cf. Fig. 4) is shown under various flow
conditions. A single chamber of the microreactor shown in Fig. 1 was employed
in this experiment. The measurements are averages over several images, after
allowing time for reaction. For details, see text. The main features are successful
hybridisation (column 1), release (column 5), the ability to separate matching
and weakly mismatching DNA (cf columns 3 vs 7) with the appropriate buffer
(tris 150 mM), and the ability to obtain high yield selective hybridisation of
matched DNA in the presence of mismatched DNA (columns 8 and 9).

After switching to the hybridising solution, a rapid increase in signal (cf[1]),
compatible with time scale induced by partial mixing lengthwise along the inlet
tubes (upon buffer change from water), was followed by a slower increase towards
saturation as more DNA is flowed past the beads. The DNA hybridisation on
beads is taking place in less than a half of minute.

The beads were then washed with an identical buffer solution, not containing
DNA, to remove unbound DNA and the fluorescence signal from the free solution.
Washing continued for 40 min. The reduction in fluorescence signal (Fig. 2)
was consistent with just removing the signal from DNA in the surrounding free
solution. Next, the buffer solution was changed to 150 mM tris-acetate, which
at lower ionic strength provides a more stringent test of DNA binding than the
500 mM solution. This buffer concentration was suggested as a wash solution
by batch experiments in Eppendorf tubes (data not shown) and, as we shall
see below, allows the discrimination of imperfectly matching DNA. The data
reported in Fig. 2 confirms that significant signal is retained, with the exactly
matching DNA, after a period of 30 min washing with this solution (Decreasing
the buffer concentration further to 50 mM tris caused a steady depletion of
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DNA, 50% over the next 30 min). Next the remaining DNA was dehybridised
completely (see Fig. 2) using a solution of 100 mM NaOH. The fluorescent signal
returned to its starting value. Separate measurements in a fluorimeter (data not
shown) confirmed that there is no significant change of fluorescence signal of
rhodamine-6G labelled DNA through the NaOH solution, so that the removal
of fluorescence really implies that DNA is released from the beads.

After completion of this basic selection-wash-release cycle, a second round
was initiated with an imperfectly matching DNA (1 puM, see Table 1, line 4)
labelled with rhodamine 6G as above. This DNA contained three mismatches
over a length of 21 nt, at separated locations in the sequence. A smaller amount
of DNA bound to the beads was observed (even after 10 min hybridisation at
45°C) than in the case of perfectly matched DNA, as shown in Fig. 2. Washing
with the discriminating buffer (150 mM tris-acetate, see above) was sufficient
to remove the imperfectly matched DNA from the beads (see Fig. 2), so this
buffer provides a good candidate for the intermediate wash channel in the STM
modules in [T2].

Finally, the ability of the wash buffer to discriminate in cases of simultaneous
competitive binding between matched and imperfectly matched DNA was tested
using a solution of hybridising buffer as at the outset but with 0.5 uM each of
the two types of DNA (Table 1, lines 2 and 3), this time only the perfectly
matching DNA being fluorescently labelled. The fluorescent signal on the beads
rose to about 50% of its value in the first phase of the experiment (with 1 pM
of labelled matching DNA), consistent with successful competitive binding of
the matched form. After washing with the discriminating buffer (150 mM tris-
acetate), the signal reduction was consistent with a removal of free labelled DNA
as in the first phase of the experiment (see Fig. 2b). These results demonstrate
that selective DNA hybridisation and release can be performed with appropriate
buffer solutions and temperature, compatible with a steady flow implementation
of DNA Computing as proposed in [1].

3.2 Demonstration of Transfer of DNA between Two Selection
Modules with Reversible Chemistry

In a second experiment, the ability to select, restrain, transfer and pick up DNA
between two modules was examined. The experimental procedure is similar to
that in the previous section (but at 40°C) except that both chambers are filled
with beads and separate buffer solutions are used at the inlets to the two cham-
bers at various stages. Whereas in the integrated STMs, operating under steady
flow, switching buffers is induced by magnetic bead transfer, here the flows are
switched in larger chambers to facilitate quantitation of the transfer yields with
constant bead locations.

The series of events for a complete transfer round from one module to the
next is:

1) Hybridisation of perfectly matching DNA (see Table 1, line 2) to beads in
both chambers. The hybridising buffer (500 mM tris pH 8.3 and 50 mM
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Fig. 3. DNA hybridisation transfer from beads in one module to those in a sec-
ond module. Average fluorescence intensity (including the background signal of
490 units) images of two regions of the microreactor (see Fig. 1) containing beads
(see Fig. 4) are shown under various flow conditions. White bars: fluorescence
intensity from the first chamber of the micro-reactor. Black bars, fluorescence
intensity from the second chamber. 1. DNA hybridisation on the beads in the
first and second chamber. 2. Washing step of DNA hybridised on the beads in
the both micro-reactor chambers. 3. Continuous washing step on the beads in
the first micro-reactor chamber and denaturation step on the beads in the sec-
ond chamber. 4. Denaturation of DNA from the beads in the first chamber and
pick up of the same DNA by hybridisation on the beads placed in the second
micro-flow reactor chamber. For details, see text.

NaOH) containing the DNA is pumped in parallel (4 ul/min) into all three
inlets of the microreactor shown in Fig. 1.

2) Washing of the beads in both chambers (500 mM tris pH 8.3 and 50 mM
NaOH without DNA), using inlets 1, 2 and 3.

3) Releasing DNA from the beads in the second downstream chamber and wash-
ing of the beads in the first chamber. NaOH solution at 100 mM is pumped
through inlet 1 and 150 mM tris pH 8.3 through inlets 2 and 3.

4) Simultaneous release of DNA from the beads in the first chamber and pickup
of the same DNA in the second chamber. 1 M tris pH 8.3 is pumped into the
second chamber (inlet 1) and 100 mM NaOH into the first chamber (inlets 2
and 3). The outflow from the first chamber is neutralised by the tris buffer
entering the second chamber from the side and then the DNA hybridises to
the beads in the second chamber.

The results are summarized in Fig. 3, showing the quantitation of DNA on
the beads in the two chambers at the four stages of the procedure. Figure 4
shows images of the fluorescence from DNA hybridisation to the beads in the
two chambers at various stages (2, 3 and 4) of the above transfer procedure.
Moderately high flow rates are employed, so that diffusive mixing is not perfect
as indicated by the slightly inhomogeneous pickup (Fig. 4, image F). As seen in
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Fig. 4. Fluorescence images of DNA hybridisation on beads in micro-flow reactor
showing the course of transfer from one module to the next. DNA hybridisation
on the beads placed in the first chamber (A) and second chamber (B); Washing
of the beads in the first chamber (C) and DNA denaturation on the beads in
the second chamber (D); DNA denaturation from the beads in the first chamber
(E) and pick up of the same DNA on the beads placed in the second chamber.

Fig. 3, about 50% of the DNA bound in chamber 1 is successfully picked up in
chamber 2 in the transfer step (4, above).

4 Conclusions

This paper demonstrates that the basic processing and linkup steps of steady
flow DNA Computing in microreactors can be experimentally verified. The key
step of reversible chemical hybridisation and dehybridisation has been demon-
strated under flow in microreactor modules similar to the integrated devices to
be used in the complete DNA Computer [4]. Once a single complete round of
selection, release and pickup on new beads has been achieved, as shown in the
previous section, the procedure can be cascaded to many processors in series and
in parallel. It should be noted that the problem of increasing salt concentration,
on successive rounds of hybridisation and dehybridising by chemical means, does
not occur for STMs [I] because the buffers are only used in one complete cycle
before the beads are transferred to a fresh flow [1].

Experiments in Eppendorf tubes (data not shown) suggest that the discrim-
ination between matched and non-matched DNA is significantly better with
members of the DNA library [4]. This is because they have a modular structure,
with unwanted hybridisation involving more than 3 mismatches over a length of
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16 nt, so the experiments reported here provide an underestimate of fidelity. This
issue will be addressed more completely with the full library in other work. The
present paper establishes that a suitable wash buffer of 150 mM tris-acetate pH
8.3, compatible with the reversible hybridisation-dehybridisation solutions, can
be employed in the steady flow integrated DNA Computer to enhance discrim-
ination and hence fidelity of matching. The concentration of the denaturating
solution (100 mM NaOH) could be reduced down to 50 mM for denaturation of
small oligomers so that the concentration of the buffering solution of tris could
be reduced to 500 mM instead of 1 M. It could be used a hepes buffer as a buffer-
ing solution as well (data not shown). Additional results (data not shown) imply
that an alkali DNA denaturation to beads is more efficient than using tempera-
ture. This requires reducing to a minimum the non-specific attachment of DNA
to the beads. Carboxyl-coated beads show less non-specific DNA attachment
than amino-coated ones[3].

The efficiency of DNA transfer from one module to the next of 50% (see Fig.
3, stage of transfer 2 and 4) is not yet optimised, with values greater than 90%
being sought. The flow rates employed in the current series of experiments were
too high to allow sufficient time for either complete mixing or completed binding
to beads. Optimisation of these parameters will be carried out using the network
of STM microreactors actually to be employed in the computations[4]. We would
like to stress that the current paper represents the first results in which selective
bead to bead transfer of DNA with release and pickup has been quantitatively
investigated, and that there is significant room for improvement.
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Abstract. The computation language of a DN A-based system consists
of all the words (DNA strands) that can appear in any computation
step of the system. In this work we define properties of languages which
ensure that the words of such languages will not form undesirable bonds
when used in DNA computations. We give several characterizations of the
desired properties and provide methods for obtaining languages with such
properties. The decidability of these properties is addressed as well. As
an application we consider splicing systems whose computation language
is free of certain undesirable bonds and is generated by nearly optimal
comma-free codes.

1 Introduction

DNA (deoxyribonucleic acid) is found in every cellular organism as the storage
medium for genetic information. It is composed of units called nucleotides, dis-
tinguished by the chemical group, or base, attached to them. The four bases,
are adenine, guanine, cytosine and thymine, abbreviated as A, G, C, and T.
(The names of the bases are also commonly used to refer to the nucleotides that
contain them.) Single nucleotides are linked together end—to—end to form DNA
strands. A short single-stranded polynucleotide chain, usually less than 30 nu-
cleotides long, is called an oligonucleotide. The DNA sequence has a polarity: a
sequence of DNA is distinct from its reverse. The two distinct ends of a DNA
sequence are known under the name of the 5 end and the 3’ end, respectively.
Taken as pairs, the nucleotides A and T and the nucleotides C' and G are said
to be complementary. Two complementary single-stranded DNA sequences with
opposite polarity are called Watson/Crick complements and will join together
to form a double helix in a process called base-pairing, or hybridization [9].

In most DNA computations, there are three basic stages which have to be
performed. The first is encoding the problem using single-stranded or double-
stranded DNA. Then the actual computation is performed by employing a suc-

* All correspondence to Lila Kari. Research partially supported by Grants R2824A01
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cession of bio-operations [9]. Finally, the solutions, i.e. the result of the compu-
tation are sequenced and decoded.

In many proposed DNA-based algorithms, the initial DNA solution will
contain some oligonucleotides which represent single “codewords”, and some
oligonucleotides which are strings of catenated codewords. This leads to two
main types of possible undesirable hybridizations. First, it is undesirable for any
DNA strand representing a codeword to form a hairpin structure, which can
happen if either end of the strand binds to another section of that same strand.
Second, it is undesirable for any DNA strand representing a codeword to bind to
either another codeword strand or to the catenation of two codeword strands. If
such undesirable hybridizations occur, they will in practice render the involved
DNA strands useless for the subsequent computations.

To formalize these problems, let us introduce some notations. An alphabet
X is a finite non-empty set of symbols (letters). We denote by A = {A,C, G, T}
the DNA alphabet. A word u over the alphabet X is a sequence of letters and
|u| will denote the length of u, that is, the number of letters in it. By 1 we
denote the empty word consisting of zero letters. By convention, a word u over
the DNA alphabet A will denote the corresponding DNA strand in the 5’ to
3’ orientation. We denote by @ the Watson-Crick complement of the sequence
u, i.e., its reverse mirror image. For example, if v = 5’ — AAAAGG — 3’ then
‘w =5 — CCTTTT — 3’ will be the Watson-Crick complement that would
base-pair to u. By X* we denote the set of all words over X, and by X the
set of all non-empty words over X. A language (over X) is any subset of X*.
For a language K, we denote by K* the set of words that are obtained by
concatenating zero or more words of K; then, 1 € K*. We write K for the
subset of all non-empty words of K*.

Let now K C A* be a set of DNA codewords. Several types of undesirable
situations can occur with these DNA strands encoding initial data.

\%

Fig. 1. Intramolecular hybridization I: uv € K, U being a subword of u.

u

Fig. 2. Intramolecular hybridization II: uv € K, ‘u being a subword of v.
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HNENNEEEEEE
A%

Fig. 3. Intermolecular hybridization I: u,v € K, U being a subword of u.

Fig. 4. Intermolecular hybridization II: ui,uz,v € K, T being a subword of
Ui1uU.

Several attempts have been made to address this issue by trying to find sets
of codewords which are unlikely to form undesired bonds in this manner [2],
[B], M]. For example genetic algorithms have been developed which select for
sets of DNA sequences that are less likely to form undesirable bonds [3], and
combinatorial methods have been used to calculate bounds on the size of a set
of uniform codewords (as a function of codeword length) which are less likely to
mishybridize [IT].

In this paper, we continue the approach in [I0] where the notion of 6-
compliance has been defined, where 6 is an arbitrary morphic or antimorphic
involution. In the particular case when 6 is the Watson-Crick complement, a
language is strictly §-compliant (respectively strictly prefix -compliant, suffix
f-compliant) if situations like the ones depicted in Figure 3 (respectively Fig-
ures 1, 2) cannot occur. [I0] studied properties of such #-compliant languages,
i.e. languages consisting of words with good coding properties. Here we define
the notion of #-freedom: if # is the Watson-Crick complement, a language is
O-free iff situations like the ones depicted in Figure 4 cannot occur.

Section 3 studies #-freedom and its relation to f-compliance. It turns out
that, under some conditions, languages that are 6-free are also #-compliant.

Section 4 studies the question of whether or not, given a set of codewords, we
can constructively decide if the set is §-compliant or 0-free, i.e., if it has desirable
coding properties.

Section 5 studies under what conditions, if we start with an initial set of
“good” codewords, f-compliance and 6-freedom are preserved by all intermediate
strands that occur during computations.

With these studies, we attempt to gain a deeper insight into encoding in-
formation in DNA, which will hopefully assist solving this otherwise difficult
problem.
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2 Definitions and Notations

For a set S, we denote by |.S| the cardinality of S, that is, the number of elements
in S. The set of non-negative integers is denoted by N. Let X* be the free
monoid generated by the finite alphabet X. A mapping a : X* — X* is called
a morphism (anti-morphism) of X* if a(uv) = a(u)a(v) (respectively a(uv) =
a(v)a(u)) for all u,v € X*. A bijective morphism (anti-morphism) is called an
isomorphism (anti-isomorphism) of X*.

An involution 0 : S — S of S is a mapping such that 62 equals the identity
mapping, i.e., 0(0(z)) = z for all z € S. It follows then that an involution 6 is
bijective and § = §~!. The identity mapping is a trivial example of involution.

If A* is the free monoid generated by the DNA-alphabet A then two involu-
tions can be defined on A*: the mirror involution x which is an anti-morphism,
and the complement involution « which is a morphism ([10]).

Indeed, the mapping v : A — A defined by v(A) = T,v(T) = A,v(C) =
G,v(G) = C can be extended in the usual way to a morphism of A* that is
also an involution of A*. Obviously, v is an involution as the complement of the
complement of a sequence equals the sequence itself. This involution v will be
called the complement involution or simply the c-involution of A*.

Let p: A* — A* be the mapping p(u) = v defined by

U=aias...qx, V=2ag...aza1,a; € A, 1<i<k.

The word v is called the mirror image of . Since 12 is the identity mapping, u
is an involution of A* which will be called the mirror involution or simply the
m-involution of A*. The m-involution is an anti-morphism as pu(uv) = p(v)p(w)
for all u,v € A*.

It is easy to see that v and g commute, i.e. yu = py, and hence yu which
will denoted by 7 is also an involution of A*. Furthermore 7 is an anti-morphism
which corresponds to the notion of Watson-Crick complement of a DNA sequence
and will therefore sometimes be called the DNA involution.

Instead of v, u, 7 we sometimes use the alternative notation

—

@, T(u) = yu(u) = u.

;Q\
<
~—
I
£
=
—~
£
I

Following [10], if # : X* — X* is a morphic or antimorphic involution,
a language L C X* is said to be @-compliant, (prefix #-compliant, suffix 6-
compliant) iff, for any words z,y,u € X*,

u,20(u)y € L (O(u)y € L,z0(u) € L) = zy=1.

If, in addition, L N O(L) = @ then the language L is called strictly f-compliant
(strictly prefix -compliant, strictly suffix #-compliant, respectively).

Note that if the involution @ is the DNA involution, i.e., it represents the
Watson-Crick complement, then a language L being strictly 6-compliant (strictly
prefix 6-compliant, strictly suffix #-compliant) amounts to the fact that situa-
tions of the type depicted in Figure 3 (respectively Figure 1, Figure 2) do not
occur. Such languages with good coding properties have been studied in [I0].
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We close the section with some terminology on codes [§]. A code K is a subset
of X T satisfying the property that, for every word w in K, there is a unique
sequence (v1,va, ... ,v,) of words in K such that w = vyvg -+ v,. A bifix code
K is a prefix and suffix code; that is, KN KXt =KNX+tK = 0.

Every bifix code is indeed a code. An infix code, K, has the property that no
word of K is properly contained in another word of K, that is, K N (XTKX*U
X*KX*) = (. Every infix code is a bifix code. A comma-free code K is a
language with the property K? N XTKX* = (. Every comma-free code is an
infix code.

3 Involution-Freedom and Involution-Compliance

In this section we define the notion of an involution-free language which formal-
izes the situation depicted in Figure 4. Moreover, this notion extends the concept
of comma-free code, [13], in the same fashion that involution-compliance extends
the concept of infix code.

We define the notion of a 6-free language (Definition [I)) and establish rela-
tions between 6-freedom and 6-compliance (Lemma ). We also establish some
properties of f-free languages. For example, Proposition [ states that if a set of
codewords K is strictly 0-free then the set consisting of arbitrary catenations of
codewords from K will be strictly 6-free as well. Proposition B states that if a
language is dense (it contains all possible sequences in X* as subsequences of
some of its strands), then it cannot be strictly 6-compliant or 6-free.

To aid the intuition, Propositions[3, [l [7] [§ are proved for the particular case
of the complement involution even though the results hold for the more general
case of an arbitrary morphic involution.

After some examples of complement-free languages, Propositions B} [ bring
together the notions of complement-compliance and complement-freedom. As
it turns out, under some conditions, languages that avoid undesirable bindings
of the type in Figures 1-3 avoid also situations of the type in Figure 4, and
vice-versa.

Definitions ] and Bl introduce the notions of complement-reflective respec-
tively anti complement-reflective languages, which are generalizations of the
notions of reflective and anti-reflective languages, [13], and relates them to
complement-freedom.

This paves the way to methods of constructing complement-free languages
as the one described in Proposition [7}

Proposition[§ gives a sufficient condition under which the catenation of two
languages is complement-free.

Propositions[d, [0 address similar problems but this time for the anti-morphic
involution case which is the type that the DNA Watson/Crick involution belongs
to. Because of the additional “flipping” complication that such an involution
entails, the results are slightly different.

Definition 1. Let 0 be an involution of X*. A language K is called 0-free if
KN XTO(K)Xt = 0. If, in addition, K NO(K) = 0 then K is called strictly
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0-free. For convenience, we agree to call K strictly 0-free when K\ {1} is strictly

0-free.

As an example, consider the DNA involution 7 of A* and the language ACC A2,
Then, ACCA?2ACCA? N AT(A2GGT)A*T = (). Hence, ACCA? is 7-free and,
in fact, strictly 7-free. The same language is strictly free for the complement
involution as well. On the other hand, AA2?A is strictly 7-compliant but not
T-free, as ACTAATAA € (AA%A)? N ATT(AAZA)AT.

Lemma 1. Let 8 be a morphic or antimorphic involution and let K be a non-
empty subset of XT.

(i) If K is 6-free then both K and 0(K) are 0-compliant.

(ii) If K is strictly 0-free then K> N X*0(K)X* = ().

Proposition 1. Let 8 be a morphic or antimorphic involution and let K be a
non-empty subset of XT. If K is strictly 0-free then also KT is strictly 0-free.

It is shown next that the properties of strict #-compliance and strict 6-
freedom impose restrictions on the words of a language in terms of density and
completeness. A language L is called dense, [1], if every word is a subword of
some word of L; that is, L N X*wX* /=) for every w € X . The language L is
complete if L* is dense, [1].

Proposition 2. Let 0 be a morphic or antimorphic involution and let K be a
non-empty subset of X .

(1) If K is dense then K is not strictly 0-compliant.
(ii) If K is complete then K is not strictly 0-free.

To make results more intuitive, we will prove the following four propositions
for the particular case where 6 is the complement involution. Note that the
results can be generalized to refer to any arbitrary morphic involution.

There are many examples of complement-free languages. L = ACT A is an
infinite complement-free language as

{AC™ AAC™ A| ny,ny > 0} N ATTGHTAY = .

For any L1 C AC* and Ly C CTA, L1L> is a complement-free language.
Indeed, LiLs = ACT A which is complement-free.

Every subset of a complement-free language is itself complement-free.

Let L C AT be a finite language and let m =max{|u| | v € L}. Then
L' = AC™LAC™ is complement-free. Indeed, assume L'?NATL’At /). Then,
AC™w AC™ AC™wo AC™ = an TG™w3T G™ g for some wy, wo, w3 € L, a1, a0 €
AT. This implies TG™ is a subword of wy or ws — contradiction as |w; |, |wa| < m.

An example of a language L satisfying LN L = () is A*{A,C}.
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For a language L C X T denote by
Lpref={z € XT|ay € L for some y € X'}

Lyg={y € X zy € L for some z € Xt}

the language of non-empty proper prefixes of L and the language of non-empty
proper suffixes of L respectively.

Proposition 3. Let L C X+, L /=), be a language. The following statements
are equivalent:

(1
(2
(3
(

L is complement-free.
is c-compliant and L N LsuﬁLpref ={.

£ is c-compliant and L? N LprefLLsuﬁ 0.
Li

)
) L
)
4)

is complement-free.

Definition 2. Let 0 : X* — X* be a morphic or antimorphic involution. For
a non-empty language L C X+ define

Ly={z€ X"|ux € L,xz € 0(L) for some u,x € X*},

Lis={r € Xt wz € 0(L),zv € L for some w,v € X},

L,={z€ X*|zvebd(L),vy €L for some y,v € X"},

Ly, ={z € X*|ux € L,zv € (L) for some u,v € X*}.

Note that in the particular case, where we talk about a morphic involution
we have that L;s = 0(L;p). Indeed = € L;s means wz € §(L),zv € L for some
w,v € XT which means that 6(w)f(z) € L, 6(z)0(v) € 6(L) which, in turn,
means that 6(z) € Ly, that is, z € 0(L;p).

Proposition 4. Let L C XT be a non-empty language and 0 : X* — X* be
an antimorphic involution. Then 0(L)s = 6(L,) and 6(L), = 0(Ls).
Proposition 5. Let L C Xt be a non-empty language and 0 : X* — X* be a
morphic involution. Then 8(L)s = 0(Ls) and 8(L), = 6(Ly).

Take the particular case where 6 is the complement involution.

Proposition 6. Let L C X+ be a non-empty language. Then L is complement-
free if and only if L is complement-compliant and one of the following conditions

hold:

(1) LiNLis =0,
(2) Ly ﬁ_Lip =0,
(3) LNL,L, =10,
(4) LN LsLs = 0.

Note that Proposition [6] holds also if we replace the complement involution
with an arbitrary morphic involution.
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Definition 3. A language L C X+, L /= is called complement-reflective iff for
all z,y € X we have that vy € L implies yZ € L.

Definition 4. A language L C X, L /=9 is called anti complement-reflective
iff for all z,y € X+ we have that vy € L implies yz /d..

Note that every complement-free language is anti complement-reflective. In-
deed, if for a complement-free language L we would have zy € L and yx € L for
some z,y € X then

(77)(y7) = yryz = y(zy)T € XTLXT N L*

which violates the condition of complement-freedom.

However, one can find anti complement-reflective languages that are not
complement-free. Indeed, take L = {A"T?"| n > 1} over the alphabet A =
{A,C,G, T} with the usual complement function. Then L is anti complement-
reflective but not complement-free. Indeed, zy € L implies zy = AT for some
n > 1. For yZ to belong to L, it must be the case that x € AT and y € T.
Then yz = A?"T" /d. therefore L is anti complement-reflective.

To show that L is not complement-free, take ujus € L, that is, ujus =
AMT? A™T2™ for some m,m > 1. As it is possible to find some indices n,m,p
such that v € L, v = APT? and © = TP A?P a subword of ujus, it results that L
is not complement-free.

In general the concatenation of two complement-free languages may not be
complement- free. For example, take L1, Ly C AT,

Ly = {CACA, ACY}, L, ={TGTG,GT}.

Both L; and Lo are complement-free. On the other hand L Ly contains the word
u = CACATGTG therefore we have that uu = CACATGTGCACATGTG €
(L1L3)? and the word v = ACGT € LiLs has the property that 7 = TGCA is
a subword of wu. This means that L Ls is not complement-free.

Nevertheless, for a given finite language L C AT we can always find a word
u € AT such that uL is complement-free.

Indeed, if L = {u1,us,...,u,} is a finite language and m =max{|u| | u € L}
then for the word u = A™*1C, m > 1 the language uL is complement-free.

Take ajas € uLuL. Then ajas = A™T1Cu; A™T1Cu; for some 1 < i,j < n.
Consider o € uL. Then &@ = T™ ! Guy, for some 1 < k < n. The only possibility
for @ to be a subword of ajas would be that 711G is a subword of u; or of Uj
which is impossible because of the way m has been defined. Consequently, uL is
complement-free.

Proposition 7. For any finite language L C AY there exists an infinite lan-
guage R C AT such that RL is a complement-free language.

The next question to address is: given two languages A, B C X1, when is
AB a complement-free language?
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Proposition 8. Let A, B C X be two non-empty languages. Assume that AN
B =0 and that AU B is complement compliant. If A; N B, = () then AB is a
complement-free language.

Corollary 1. Let AL BC X+ be two non-empty languages. If AU B is strictly
complement compliant and As N B, =0 then AB is complement free.

Remark that the preceding proposition and corollary hold also for any arbi-
trary morphic involution, not only for the complement involution.

The case of antimorphic involutions, i.e., of involutions of the type of the
DNA involution, is slightly different.

Proposition 9. Let 0 : X* — X* be an antimorphic involution and () /=L C
Xt be a language. Then L is O-free if and only if L is 0-compliant and one of
the following conditions hold:

Proposition 10. Let A,B C X1 be two non-empty languages and 6 : X* —
X* be an antimorphic involution. Assume, furthermore, that A and B are strictly
0-compliant and AU B is 0-compliant. If B;NO(As) = ApNO(B,) = 0 then AB
s a O-free language.

4 Decidability Issues

Given a family of sets of codewords, we ask if we can construct an effective
algorithm that takes as input a description of a set of codewords from the given
family and outputs the answer yes or no depending on whether or not the set is
f-free or f-compliant (has good encoding properties). If such an algorithm exists,
the question is deemed “decidable,” otherwise it is “undecidable.” This section
considers the problem of deciding 7-compliance and 7-freedom where 7 is the
DNA involution. As in the case of infix and comma-free codes — see [8] — it turns
out that these properties are decidable for regular languages but undecidable for
context-free languages. We use regular expressions to represent regular languages
and context-free grammars for context-free languages. If E is a regular expression
(context-free grammar), L(E) denotes the language represented by (generated
by) E.

Proposition 11. Let 7 be the DNA involution. The following two problems are
decidable.

1. Input: A regular expression E.
Output: YES or NO depending on whether L(E) is T-free.
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2. Input: A regqular expression E.
Output: YES or NO depending on whether L(E) is T-compliant.

Proposition 12. Let 7 be the DNA involution. The following problems are un-
decidable:

1. Input: A context-free grammar F.
Output: YES or NO depending on whether or not L(F) is T-free.
2. Input: A context-free grammar F.
Output: YES or NO depending on whether or not L(F) is T-compliant.

5 Splicing Systems That Preserve Good Encodings

The preceding sections studied conditions under which sets of DNA codewords
have good encoding properties, like DNA compliance and 7-freedom, where 7 is
the DNA involution. The next question is to characterize initial sets of codewords
having the additional feature that the good encoding properties are preserved
during any computation starting out from the initial set. As a computational
model we have chosen the computation by splicing [7T2l0]. Proposition [4lstates
that if the splicing base (initial set of codewords) is strictly O-free then all the se-
quences that may appear along any computation will not violate the property of
f-freedom. Proposition[I5is a stronger result stating that for any computational
system based on splicing one can construct an equivalent one with “good,” i.e. 8-
compliance and #-freedom properties, being preserved during any computation.
Finally, Proposition [T6]provides a method of construction of a strictly 6-free code
that can serve as splicing base, i.e. initial soup, for a computation. Moreover, it is
proved that from the point-of-view of the efficiency of representing information,
the constructed code is close to optimal.

A multiset M over an alphabet X' is a collection of words in X* such that a
word can occur in M more than once. More formally, a multiset M is a mapping
of X* into N such that M (w) is the number of copies of the word w in the
multiset. For a multiset M, we write supp (M) to denote the set of (distinct)
words that occur in M; that is, supp (M) = {w € X* | M(w) > 0}. A splicing
system — see [9] — is a quadruple v = (X, T, A, R) such that X' is an alphabet,
T is a subset of X/, the set of terminal symbols, A is a multiset over X, the initial
collection of words, and R is a set of splicing rules of the form ai#318as# 32
with a1, as, 81, B2 being words in X*. For two multisets M and M’ we write
M =, M’, if there is a splicing rule ay#B18as#052 in R and two words in
M of the form zia161y1 and ToasBoys such that M’ is obtained from M by
replacing those words with z1aq f2y2 and xaaz(1y1 — see [9]. The language, L(7),
generated by a splicing system v = (X, T, A, R) is the set {w € T* | IM, A =,
M, w € supp (M)}. The computation language of ~ is the set of words over X
that can appear in any computation step of ~; that is, the language

{w | w € supp (M) and A =7 M, for some multiset M }
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Note that the language generated by < is a subset of the computation language
of .

When the computation language of a splicing system involves only symbols
of the alphabet A, with the usual functionality of these symbols, one wants to
prevent situations like the ones described in the introduction and this requires
choosing languages with certain combinatorial properties. In this section, we
consider a type of splicing systems in which only symbols of the alphabet A are
used and require that the language of computation of such systems is strictly
0-free, where 6 is a morphic or antimorphic involution. To this end, we utilize
Proposition [ by requiring that the computation language is of the form K* for
some strictly 0-free subset K of AT. Moreover, we require that K is a splicing
base, as defined below, to ensure that, after performing a splicing operation
between two words in K*, the resulting words are still in K*

Definition 5. A splicing base is a set of words K such that, for all x1,x2,y1,y2 €
A* and for all vi,u1,ve,us € K* with [viui| > 0 and |vaus| > 0, if z1v1u1y1,
ToVouUolys € K™ then xiviusys, Tovouiy; € K*.

In the following lemma it is shown that the splicing base condition is equiv-
alent to the following:

(Ck) For all x € A* and for all u € K, if zu is a prefix of K* then z € K* and
if uzx is a suffix of K* then x € K*.

Remark: A splicing base is not necessarily a code. For example, K = {A, A%}
is not a code but it is a splicing base.

Lemma 2.

(i) Condition (Ck) implies the following: For all z € A* and for allv € K, if
zv is a prefiz of K* then x € K*, and if vx is a suffix of K* then x € K*.
(ii) A set of words K is a splicing base if and only if (Cx) holds.
(iii) Ewvery splicing base which is a code is a bifix code.
(iv) Every comma-free code is a splicing base.

We define now a special type of splicing systems that involve only symbols of
the alphabet A.

Definition 6. Let K be a splicing base. A K -based splicing system is a quadru-
ple 8 = (K, T,A,R) such that T C K, A is a multiset with supp (4) C K*,
and R is a subset of K*#K*$K*#K* with the property that vi#ui1Sve#us € R
implies |viu1| > 0 and |vaus| > 0.

For two multisets M and M’, the relationship M =3 M’ is defined as in the
case of ordinary splicing systems — see [9]; that is, M’ is obtained from M by
applying a splicing rule to two words in supp (M). The language L(3) generated
by a K-based splicing system 3 is the set {w € T* | 3IM,A =} M and
w € supp (M)}. The computation language of the system (3 is the set {w € A* |
M, A=} M and w € supp (M)}. As shown next, this language is a subset of
K*.
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Proposition 13. For every splicing base K and for every K-based splicing sys-
tem (3, the computation language of 3 is a subset of K*.

Proposition 14. Let 6 be a morphic or antimorphic involution and let 3 be a
K-based splicing system, where K is a splicing base. If K is strictly 0-free then
the computation language of 3 is strictly 0-free.

In the rest of the section we consider the question of whether an arbitrary
splicing system ~ can be translated to a K-based splicing system g over A such
that the computation language of (3 is strictly #-free and the languages generated
by (8 and v are isomorphic.

Definition 7. Let 0 be a morphic or antimorphic involution of A* and let K
be an infinite family of splicing bases such that every splicing base in K is a
strictly 0-free code. The involution-free splicing class Co x is the set of all K-
based splicing systems, where K C K’ for some K' € K.

Proposition 15. Let Cy x be an involution-free splicing class and let X be an
alphabet. For every splicing system v = (X, T, A, R) there is a K -based splicing
system § = (K, F, B, P) in Copx and an isomorphism f : T* — F* such that
the computation language of B is strictly 6-free and L(B8) = f(L(7)).

We close the section with a simple construction of an infinite comma-free
code, K, oo, which is strictly free for the DNA involution 7. By Lemma B2 (iv),
the code is a splicing base as well. Moreover, we define an infinite family { K, » |
n € N} of finite subsets of K, oo whose information rate tends to (1 — 1/m).
The involution 7 and the family {K,,, | n € N} define a 7-free splicing class
which can be used to ‘simulate’ every splicing system according to Proposition
The fact about the information rate of the codes K, ,, concerns the efficiency
(or redundancy) of these codes when used to represent information. In general,
the information rate of a finite code K over some alphabet X is the ratio

10g|X\ |K|
(Xoex v)/IE]

When that rate is close to 1, the code is close to optimal.

Proposition 16. Let m and n be non-negative integers withm > 1, let Ky, oo =
AT (A™TITY*C™ ) and let Ky, = UR_ g A™T(A™IT)C™. Then,

(i) Km,0o and, therefore, Ky, , are comma-free codes and strictly T-free, where
7 is the DNA involution

(ii) The information rate of Ky, tends to (1 —1/m) as n — oo.
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Abstract. Using linear DNA segments and branched junction molecules
many different three-dimensional DNA structures (graphs) could be self-
assembled. We investigate maximum and minimum numbers of circular
DNA that form these structures. For a given graph G, we consider com-
pact orientable surfaces, called thickened graphs of G, that have G as
a deformation retract. The number of boundary curves of a thickened
graph G corresponds to the number of circular DNA strands that as-
semble into the graph G. We investigate how this number changes by
recombinations or edge additions and relate to some results from topo-
logical graph theory.

1 Introduction

In biomolecular computing, often, DNA linear segments are used as computa-
tional devices. As DNA strands form 3-dimensional (3D) structures [I0], it was
proposed in [45] (see also [I7I8]) that 3D DNA structures be used as com-
putational devices. The idea was to solve computational problems related to
graphs by actually assembling the graphs by DNA segments, linear DNA double
stranded molecules and k-branched junction molecules. The circular strands of
these complex DNA structures form knots and links. Knot structures of DNA
have been studied [14] and methods of detection of knotted DNA strands have
been developed [13]. Such molecules can be detected using electron microscopy
or gel-electrophoresis techniques [BI16]. As DNA structures made of single circu-
lar DNA strand can be potentially easier to amplify, clone and in general use in
laboratory experiments, it is of interest to know what kind of DNA structures
can be made by such molecules. Therefore, use of a single stranded knotted DNA
that appear as a double stranded version of the graph constructed are prefer-
able. This problem was addressed from chemical point of view by N. Seeman [T1]
where it was suggested that by allowing portions of “free” single stranded DNA
segments, not considered as parts of the structure, the entire DNA structure
could be made by a single strand. In this article we consider the case when such
single stranded parts, without their Watson-Crick complements, are not used.
As the size and molecular weight of such molecules that represent a graph struc-
ture will be in question, it is natural to ask how many strands, i.e. components
it can have (not always a single component for a given graph), thus the problem
investigated herein.

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 70-{ZI] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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Specifically, the changes in the number of DNA strands that make up these
DNA graph structures, when such structures are changed by recombinations or
edge additions, are of interest from point of view of applications. In fact, in
topological graph theory it has been observed that the number of DNA strands
(which corresponds to the number of boundary components of a thickened graph,
see Section 2) is related to the (maximal and minimal) genus of the graph, and
a number of results are known. The purpose of this paper is to observe how the
number of DNA strands changes under possible recombinations of DNA, explain
how these numbers are related to other notions in topological graph theory, and
lead the reader to some relevant mathematical references.

The paper is organized as follows. Definitions of a thickened graph and double
strand numbers are given in Section 2] The effects of local changes of a graph on
the double strand numbers, such as edge additions, are addressed in Section Bl
Some simple ways of computations of double strand numbers using planar dia-
grams are given in Section @l We end the paper by relating the double strand
numbers to commonly known concepts in topological graph theory.

2 Thickning Graphs and Double Strand Numbers

The mathematical model that we consider for a DNA graph structure is a thick-
ened graph. We imagine that a strip of surface is laid along the Watson-Crick
base pairing of the molecule and the phosphodiester bonds are the boundaries of
these strips. The number of boundary components for the thickened graph cor-
responds to the number of DNA strands that make up the DNA graph structure.
More precisely, we have the following definition.

Definition 1. Let G be a finite graph. A thickened graph F(G) (of G) is a
compact orientable surface (2-dimensional manifold) such that G is topologically
embedded (as a 1-complex) in F/(G) as a deformation retract (see [7] for example
for the definition of a deformation retract).

Note that F(G) is not necessarily uniquely determined by G, even up to
homeomorphism. The notation F(G) simply indicates that we choose and fix
one of such surfaces.

Definition 2. Let G be a finite graph. The number of boundary components
(curves) of a thickened graph F(G) is denoted by #0F(G). The maximum of
#O0F(G) over all thickened graphs F(G) of the given graph G is called the
maximal double strand number of G and denoted by DS(G). The minimal double
strand number is similarly defined and is denoted by ds(G).

When we construct a graph by DNA, the boundary curves 0F(G) are re-
alized by single stranded DNA molecules, and each edge is a double stranded
molecule, which motivates the names for ds and D.S. Note that the orientability
of the surfaces is required, as DNA strands paired by WC complementarity are
oppositely oriented segments. Figure[ll shows how two distinct thickened graphs
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can be constructed by DNA strands, for the same graph. The first thickened
graph (a) consists of five distinct strands, and hence #0F(G) for this thickened
graph is 5. In the second case (b), it is shown that a single DNA strand can form
a double stranded version of the graph. In that case #90F(G) = 1 and in fact,
for this graph DS(G) =5 and ds(G) = 1.

= DJ\
N\ N\

(a) (b)

Fig. 1. One graph made by DNA strands in two ways.

Ezample 1. Let O,, denote the set of disjoint circles. Then F(O,) is homeo-
morphic to n copies of annuli (and in this case unique up to homeomorphism).
Therefore DS(O,,) = 2n = ds(O,,).

In general, we observe from the definition that if G = G; U G is a disjoint
union of two graphs Gy and Gs, then DS(G) = DS(G1) + DS(G2) and ds(G) =
ds(Gy) + ds(G2). Therefore, we focus on connected graphs from now on. Since
a vertex with degree more than three can be perturbed to a combination of
3-valent vertices, we focus on 3-valent graphs. Such graphs are also known as
three-regular graphs. It is easy to see that ds and DS numbers do not change by
this perturbation.

It turns out that ds and DS are closely related to the Betti number of graphs.
Intuitively, the first Betti number 3;(G) is the number of “independent” loops
in a given graph G. More details will be given in the last section. Here we note
the following two properties of 1 (G) which will be explained in the last section.

(a) For any connected 3-valent graph G, we have
ds(G) < DS(G) < B(G) + 1.
(b) Let G be a 3-valent graph, and let F(G) be a thickened graph. Then
#0F (G) = f1(G) + 1 (mod 2). Consequently, ds(G), DS(G), and 51 (G) + 1

are all even or all odd.

The following problems on double strand numbers are of interest for potential
applications.
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— When a new graph is constructed from old ones, find a formula relating
their double strand numbers. In particular, constructions that occur in self
assembling of DNA graph structures are of interest.

— Find estimates of the double strand numbers by means of numerical graph
invariants, such as Tutte polynomials.

— Characterize the positive integers k, m, n such that there exists a finite
connected 3-valent graph G with ds(G) = k, DS(G) = m, and 81(G)+1 = n,
where (31 denotes the first Betti number.

— Determine how are DS and ds of a cover of a graph related to the DS and
ds of the graph itself.

— Characterize the graphs of given numbers for ds, DS, and £ (G) + 1.

Some of these problems have been considered in topological graph theory
within different settings. In the last section we will explain how the double strand
numbers can be interpreted in terms of standard terminologies in topological
graph theory, and lead the readers to a few relevant references for guidance.

3 Changes in Graphs and Double Strand Numbers

In this section we point out how the changes like edge additions in graphs affect

the DS and ds numbers.

\
A

Fig. 2. Neighborhood of a vertex

For 3-valent graphs, the following description is convenient for the thickened
graphs. At a 3-valent vertex, consider the portions of an orientable surface de-
picted in Fig. 2] The arrows of the curves in the figure indicate that the surfaces
are orientable. These thick arrowed curves in the figure will become the bound-
ary of F(G) constructed. There are three segments corresponding to the ends of
edges of a vertex, where the portions of the surface end. Two of these segments
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of the surfaces corresponding to two vertices v; and vy are glued and identified
with each other when an edge connects v, and v in G. This situation is depicted
in Fig. [l The top of the figure represents two vertices connected by an edge.
The middle describes how to glue the patches together, and the bottom figure
describes the resulting surface.

Fig. 3. Gluing patches together

Note that by replacing the surface between (A) and (B) of Fig.[2, the way the
boundary curves are connected change. Therefore, it can be regarded that the

choices of these surfaces at 3-valent vertices produce variety of homeomorphism
types of F(G).

Fig. 4. How boundary curves change

Next Lemma shows how the DS and ds numbers change under such replace-
ments.

Lemma 1. The replacement at a vertex between Fig. [ (A) and (B) changes
the number of components involved between 1 < 1, 2« 2, or 1 < 3.

In other words, if the number of boundary curves belong to a single com-
ponent, then the number either remains unchanged or changes to three under
the replacement. If the number is 2, then the number remains unchanged. If the
number is three, then the number changes to one.

Proof. When a replacement is performed at a vertex, the number of boundary
components changes depending on how they are connected outside the neigh-
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borhood, and all such cases are depicted by dotted lines in Fig. . By counting
the number of components for each case, we obtain the result. O

*
= <
N\ IR

O O

(A) (B) ©

Fig. 5. Re-connections for planar graphs

Definition 3. Let G be a finite 3-valent graph. A finite 3-valent graph G’ is
said to be obtained from G by an edge addition if there are two points v; and
v2 on the interior of edges e; and eg (possibly e; = ez but v; /=v3) of G such
that G’ is obtained from G by attaching a (new) edge e from vy to v (so that
Oe = v Uwg).

Conversely, it is said that G is obtained from G’ by an edge deletion.

Lemma 2. Let G' be a graph obtained from a graph G by an edge addition.
Then DS(G’) = DS(G) £ 1, and ds(G') = ds(G) £ 1.

Proof. Suppose that a thickened graph F/(G’) is obtained from a F'(G) by adding
a band along the boundary. If the band is attached to a single component of
OF(G), then the number of components increases by 1. If the band is attached
to distinct components, the components decreases by 1. Hence #0F(G') =
#0F(G) £ 1. In the first case, the band is cutting the component, and in the
second case, the band is gluing two components. A similar argument applies
when a band is deleted.

If we take F(G) which gives ds(G) = #0F(G), then the above argument
shows that ds(G’) < ds(G) + 1. On the other hand, F(G) is obtained from
F(G") by a band deletion. Hence if we take F(G’) to be a thickened graph
such that ds(G’) = #0F(G’), then it follows that ds(G) < ds(G’) + 1. Hence
ds(G’") = ds(G) % 1. Similarly for DS. O

Lemma 3. Let G and G5 be finite connected graphs, and v; is a point on an
edge of G; (i = 1,2). Let G be the graph obtained from G1 and Ga by adding
an edge e connecting v1 and va, so that the end points of e are v1 and vy. Then
DS(G) = DS(G1) + DS(G2) — 1 and ds(G) = ds(G1) + ds(Ga) — 1.

Proof. This is proved by considering F(G;) (i = 1,2) that realizes DS(G;) and
ds(G;), and Observation[2l O
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4 Some Computations Using Planar Projections

Consider a graph G embedded in the plane (i.e., G is a planar graph). Let N(G)
denote the regular neighborhood of G in the plane R?. Thus N(G) consists of
neighborhoods for edges and vertices. Neighborhoods of edges are bands, and
neighborhoods of 3-valent vertices are portions of the surfaces depicted in Fig.
(A), and all neighborhoods are patched together smoothly. Hence N(G) defines
one of the F(G)s. In this case, the boundary ON(G) consists of the boundary
curves of the complementary disk regions R? \ Interior(N(G)) (one of them is
actually the region at infinity, R, instead of a disk). See Fig. Bl (A).

Let G be the graph depicted in Fig. Bl When the neighborhood of the ver-
tex on the top is replaced by the portion depicted in Fig. 2] the surface F(QG)
changes to the one depicted in Fig. Bl (C). We see that three circles corresponding
to three regions in Fig.[H (A) were connected to a single circle by this operation.
We represent this operation and the new situation diagrammatically by Fig.
(B). Here the vertex at which the replacement was performed is depicted by a
small circle around the vertex, and three regions whose boundaries are connected
together are marked by *. The three curves are connected to form a single curve
by Lemmal[ll Note that this operation can be continued for every remaining ver-
tex at which three boundary curves meet. When another operation is performed
for a large graph in a distant vertex, three other curves are connected, forming
a distinct new component. In such a case, the new circles should be marked by
a different marker, such as *; for the first and *o for the second, to indicate that
new curves are distinct components. However, if the next operation is performed
nearby, then all components involved can be connected. In this case, the same
marker * is used as long as the components are the same.

2

(A) (B)

Fig. 6. An example of planar presentations of two thickened graphs for the same
non-planar graph

More generally, planar presentations of non-planar thickened graph can be
obtained by taking bands “parallel” to the plane into which the graph is pro-
jected. Examples are depicted in Fig. Bl The graph in this figure is non-planar,
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(A) (B)

Fig. 7. Two planar representations of a band connection at a vertex

but projections of two of its thickened graphs are depicted with “crossing points”
between edges. The under-arc at a crossing is broken as in knot diagrams to indi-
cate relative height of the edges in space. In Fig. [T, the same type of connection
at a vertex (depicted in Fig. ) is specified by two planar presentations. Thus,
Fig.[6] (A) and (B) represent different thickened graphs of the same graph using
planar presentations of two types of connections at one vertex.

Remark 1. (1) Let K be a knot or a link. Then there is a 3-valent graph G and a
thickened graph F(G) such that F(G) = K. (2) For any thickened graph F(G)
of a 3-valent graph G, there is a planar presentation.

Proof. Tt is well-known in knot theory [9] that any link K bounds an orientable
surface S, called a Seifert surface. For any such S, there is a 3-valent graph G
in S which is a deformation retract. Thus S can be isotoped to a neighborhood
of G and can be regarded as F(G). Then 0F(G) = K.

For (2), we recall a standard argument in knot theory (see [6] for example).
Since F'(G) is orientable, there are two sides of the surface, one positive, the
other negative (say). Try to put the surface on the plane in such a way that
only the positive sides are visible. First we arrange the surface at every vertex in
such a way, using alternative diagrammatic method of representing connections
as depicted in Fig. [d (B). Then the rest are twisted edges, and arrange them
following the over-under information. When the thickened edges are twisted,
arrange them in small links as depicted in Fig. B] (this is a standard trick in knot
theory which can be found, for example, in [6]). O

In [T213], methods of constructing knotted DNA molecules have been re-
ported. A theoretical description for obtaining any single stranded DNA knot
experimentally is given in [12]. In [4], construction of graph structures by DNA
is proposed, and a plastic model of a building block was physically constructed.
Thus the above remark indicates that variety of knots and links may be con-
structed by DNA molecules by constructing thickened graphs, giving an alternate
approach (to [12]) of constructing knotted DNA structures. As DNA molecules
form a right-handed double helix every 10.5 base pairs, the twists of thickened
edges are not freely given but rather are determined by the lengths of edges (as
DNA molecules). Hence the above remark does not imply that any DNA knot
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T H@
&N

Fig. 8. Arranging a twist on the plane

can be generated by this method, and it is an interesting problem to determine
which knots can indeed be constructed by this method.

When the double strand numbers satisfy certain relations, it is possible to
characterize graphs with such conditions. The planar presentation is useful for
such computations. For example, we have the following.

ffffffff OO

\//_JV/

s boxes t circles

Fig. 9. The graph G(s,t) of a chain of circles

[LLE=THO—-O
L3OO

Fig. 10. Connecting boundary curves

Consider the graph G(s,t) depicted in Fig. @ where non-negative integers
s and ¢ indicate the numbers of squares and circles. Note that #9N(G(s,t)) is
exactly DS(G(s,t)).

In Fig. 00 the replacements at vertices are successively performed. The left
bottom vertex is marked in the top of the figure, and the curves corresponding to
the region at infinity, the left-most and second left-most squares are connected
to a single boundary circle by the replacement. These regions are marked by .
The third left bottom vertex (if any) is chosen next, as indicated in Fig. [0 bot-
tom, and the curves corresponding to the newly marked regions are connected.
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Inductively, all s squares (possibly but one, depending on whether s is even or
odd) from the left are marked. When we try to proceed to the further right, we
notice that every vertex now has two boundary components coming together.
Hence we are not able to perform the replacements to reduce the number of
boundary curves.

By induction on s + t, the above computations combined with Observations

21 Bl imply

Lemma 4. For the graph G(s,t) with non-negative integers s and t with s+t >
0, if s is even, DS(G(s,t)) = s+t + 1 and ds(G(s,t)) =t + 1, and if s is odd,
DS(G(s,t)) =s+t+1 and ds(G(s,t)) =t + 2.

Corollary 1. Let k,n be integers such that (1) k <n, (2) k =n (mod 2), and
(3) if k =1 or2, k < n. Then there is a graph G with ds(G) = k and DS(G) = n.

5 Relations to Genera and Euler Characteristics

In this section we give a short overview of how ds and DS are related to commonly
known concepts in topological graph theory. Details can be found, for example,
in [12].

Any orientable surface (compact, without boundary) is constructed from a
sphere by attaching some number of handles in an orientable way. For example,
the surface of a doughnut, called a torus, is topologically a sphere with a single
handle. The number of such handles is called the genus of a surface. The genus
of a sphere is 0, and the genus of a torus is 1.

The (orientable) minimal genus v(G) of a graph G is the minimum among
genera of all orientable compact surfaces S in which G can be embedded. The
(orientable) mazimal genus yp(G) of a graph G is the maximum among genera
of all orientable compact surfaces S in which G can be embedded in such a way
that the complement S — G consists of open 2-cells (such an embedding is called
cellular). Here, an open 2-cell means a disk with its boundary points excluded.

Let x denote the Euler characteristic. For a surface S divided into some
polyhedral regions (for example into triangles), the Euler characteristic is defined
by x(S) = #V — #E + #F, where #V, #FE, #F are the numbers of vertices,
edges, and faces, respectively. For example, from a tetrahedron, we see that
x(5?%) = 2, where S? denotes a sphere.

For a graph G, let F(GQ) be its thickened graph. To each component (a circle)
of OF(G), attach a disk along its boundary to cap it off. After attaching disks to
all boundary components, we obtain a surface F' without boundary. Clearly the
embedding of G in F is cellular and #0F(G) is equal to the number of 2-cells in
the complement F' — G. Each time a disk is attached, 1 is added to the number
of faces. Thus we compute x(F) — #0F(G) = x(F(G)) = x(G). On the other
hand, we know that x(F) = 2 — 2 genus (F) [§]. Hence we have

2 genus (F) =2 — x(F) =2 — x(G) — #0F(G).
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A thickened graph F(G) which realizes DS(G) gives the inequality
genus (F) < (1/2)(2 - x(G) - DS(G).
In fact we have the following.

Lemma 5 (15]). Let G be a finite connected graph. Then
(@) = (1/2)(2 = x(G) - DS(G)).

Let §;(G) denote the i-th Betti number of a graph G, where i is a non-
negative integer. Geometrically, 8y(G) is the number of connected components
of G and (31(G) is the “number of loops” in G. More specifically, 81 (G) remains
unchanged by homotopy (continuous deformations), and any graph is homotopic
to a bouquet of circles. The number of such circles is equal to (1(G). Since
X(G) = Bo(G) — B1(G) (see [7]), if G is connected, we have (1(G) =1 — x(G).

The above lemma implies that DS can be computed from v(G) by

DS(G) = 2 = x(G) = 27(G) = (51(G) + 1) = 27(G),

and v(G) has been studied extensively in topological graph theory (see [I], for
example). Similarly, we have

ds(G) = 2 = x(G) = 29m(G) = (B1(G) + 1) = 27m(G).

Lemma 6. For any connected 3-valent finite graph G, the following inequalities
hold:
ds(@) < DS(G) < Bi(G) + 1.

Any finite 3-valent graph is obtained from a disjoint circles by a finite se-
quence of edge additions. The disjoint circles O,, have x(O,) = 0 and DS(O,,) =
ds(0,,) = 2n. By adding an edge, x(G) decreases by 1, so Observation 2l implies
the following fact.

Lemma 7. Let G be a finite 3-valent graph, and F(G) be its thickened graph.
Then #0F(G) = x(G) (mod 2).
Consequently, ds(G), DS(G), and 1(G) + 1 are all even or all odd.

Ezample 2. Let G = K3 3 be the complete bipartite graph of type (3,3). Then
ds(G) =1, DS(G) = 3, and 51 (G) + 1 =5.

In fact, K3 3 is depicted in Fig. [0l with examples of its thickened graphs. It is
computed that 51 (G)+1 = 5. It is well known that this graph is non-planar and
9(G) =1, and so DS(G) = 1(G) + 1 — g(G) = 3. By performing a replacement
at the right-top corner vertex of (A) (or (B)), we realize ds(G) = 1. O
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Population Computation and Majority Inference
in Test Tube
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Abstract. We consider a probabilistic interpretation of the test tube
which contains a large amount of DNA strands, and propose a popula-
tion computation using a number of DNA strands in the test tube and a
probabilistic logical inference based on the probabilistic interpretation.
Second, in order for the DNA-based learning algorithm [4] to be robust
for errors in the data, we implement the weighted majority algorithm [3]
on DNA computers, called DNA-based majority algorithm via amplifi-
cation (DNAMA), which take a strategy of “amplifying” the consistent
(correct) DNA strands while the usual weighted majority algorithm de-
creases the weights of inconsistent ones. We show a theoretical analysis
for the mistake bound of the DN A-based majority algorithm via amplifi-
cation, and imply that the amplification to “double the volumes” of the
correct DNA strands in the test tube works well.

1 Introduction

Population computation is to combine a number of functions (algorithms) in
the pool and obtain a significantly good result of computation. The concept of
“population computation” has been introduced in the context of machine learn-
ing research [2]. A similar approach is the weighted majority algorithm [3] for
on-line predictions and to make the learning algorithms robust for errors in the
data. In order to introduce such population computations into DNA computing,
we propose the following interpretation of the test tube:

— A single DNA strand represents a computable function,

— The test tube which contains a large amount of DNA strands represents a
population (set) of functions,

— The volume (number) of copies of each DNA strand represents a weight
assigned to the encoded function,

— The output of (population) computations in the test tube is taken as a
weighted majority of the outputs of functions encoded by DNA strands in
the test tube. More precisely, in the case of the binary output (that is, {0,1}),
we compare the total volume of the DNA strands outputting 0 to the total

* This work is supported in part by “Research for the Future” Program No. JSPS-
RFTF 96100101 from the Japan Society for the Promotion of Science.

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 82-{J1] 2002.
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volume of the DNA strands outputting 1, and produce the output according
to the larger total.

— The test tube is trained (learned) based on the sample data and the learning
strategy is that when the output of the test tube makes a mistake, the volume
of the DNA strands that output the correct value are amplified.

More concretely, our scenario is as follows. First, by using some encoding
method, we assume that each individual DNA strand represents a computable
function. Second, the initial test tube contains a large number of randomly gen-
erated DNA strands which represent various functions (random pool of various
functions), and the volume of copies of each DNA strand represents a weight
assigned to the encoded function. This is illustrated in the lefthand side of Fig-
ure[ll Third, the output of computations with the test tube is taken as a weighted
majority of the outputs of DNA strands (the outputs of encoded functions) in
the test tube. This is illustrated in the righthand side of Figure [1l Forth, we
have some training data to tune the test tube so that after the training, the
test tube contains desirable volumes of each DNA strands and turns to be the
best majority function. Here, a training data is a set of correct input-output
pairs of the goal (target) function, and the training (learning) in the test tube
is to change the volumes of DNA strands inside the test tube. Our strategy
to train (learning) the test tube is “amplifying” DNA strands encoding correct
(consistent) functions with the training data. This is illustrated in Figure Il

Test Tube
Test Tube

00 111 00

weighted majority
DNA strands 6 yolume of f

0

Fig. 1. (left:) A random pool of DNA strands in the test tube, and (right:) the
weighted majority of the outputs of functions encoded by DNA strands in the
test tube.

Thus, the “entire” test tube containing a number of DNA strands is regarded as
a single entity of a “function” and trained (learned) on a sequence of examples.

In this paper, we consider each individual DNA strand represents a Boolean
formula and computes a Boolean function for the input of truth-value assign-
ment. In our previous work [4], we have proposed a DNA-based learning al-
gorithm for Boolean formulae from the training data without errors. We have
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Test Tube
Test Tube

v b = “1” is correct! =
00 111 00

weighted majority

amplification

0

Fig. 2. “Amplifying” DNA strands encoding correct (consistent) functions with
the training data.

further applied this DNA-based learning algorithm to DNA chip technologies [5].
The application is called intelligent DNA chip and employs the DNA-based learn-
ing algorithm to extract useful informations from gene expression profile data.
Our new method proposed in this paper enlarges these algorithm and applica-
tion to be robust for errors in data. We start with this method in our previous
work [4] which will be briefly explained in the next section.

2 Evaluation of Boolean Formulae

We assume there are n Boolean variables (or attributes) and we denote the
set of such variables as X,, = {z1,22,...,2n}. A truth-value assignment a =
(b1,b2,...,b,) is a mapping from X,, to the set {0,1}. A Boolean function is
defined to be a mapping from {0,1}"™ to {0,1}. Boolean formulae are useful
representations for Boolean functions. Each variable x; (1 <1¢ < n) is associated
with two literals: x; itself and its negation —z;. A term is a conjunction of
literals. A Boolean formula is in disjunctive normal form (DNF, for short) if it
is a disjunction of terms. For any constant k, a k-term DNF formula is a DNF
Boolean formula with at most k terms.

First, we encode a k-term DNF formula § into a DNA single-strand as follows:

Let 8 =1t1 Vty V---t; be a k-term DNF formula.

(1) For each term ¢ = I3 Ala A ---1; in the DNF formula § where [;
(1 <i<y)is a literal, we use the DNA single-strand of the form:

5" — stopper — marker — seglit; — - - - — seqlit; — 3’

where seqlit; (1 < i < j) is the encoded sequence for a literal I;. The
stopper is a stopper sequence for the polymerization stop that is a tech-
nique developed by Hagiya et al. [I]. The marker is a special sequence
for a extraction used later at the evaluation step.
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(2) We concatenate all of these sequences encoding terms t; (1 < j < k)
in 8. Let denote the concatenated sequence encoding 3 by e(0).

For example, the 2-term DNF formula (21 A—22)V (—23A24) on four variables
Xy = {1, 22, 23,24} is encoded as follows:

5" — marker — x; — -z, — stopper — marker — —z3 — x4 — 3’

Second, we put the DNA strand e(8) encoding the DNF formula 3 into the
test tube and do the following biological operations to evaluate 3 for the truth-
value assignment a = (b1,ba, ..., by).

Algorithm B(T,a):

(1) Let the test tube T contain the DNA single-strand e(8) for a DNF formula
B.

(2) Let a = (by,ba,...,b,) be the truth-value assignment. For each b; (1 <1 <
n), if b; = 0 then put the Watson-Crick complement Z; of the DNA substrand
encoding x; into the test tube T, and if b; = 1 then put the complement =x;
of —x; into T.

(3) Cool down the test tube T for annealing these complements to complemen-
tary substrands in e((3).

(4) Apply the primer extension with DNA polymerase to the test tube T with
these annealed complements as the primers. As a result, if the substrand for
a term t; in B contains a literal lit; and the bit b; makes [it; 0, then the
complement seqlit; of the substrand seglit; has been put at Step (2) and is
annealed to seqlit;. The primer extension with DNA polymerase extends the
primer seqlit; and the subsequence for the marker in the term ¢; becomes
double-stranded, and the extension stops at the stopper sequence. Otherwise,
the subsequence for the marker remains single-stranded. This means that the
truth-value of the term t; is 1 for the assignment a.

(5) Extract the DNA (partially double-stranded) sequences that contains single-
stranded subsequences for markers. These DNA sequences represent the DNF
formulae 8 whose truth-value is 1 for the assignment a.

We have already verified the biological feasibilities for this evaluation method
of Boolean formulae. Yamamoto et al. [6] have done the following biological
experiments to confirm the effects of the evaluation algorithm B(T,a):

1. For a simple 2-term DNF Boolean formula on three variables, we have gen-
erated DNA sequences encoding the DNF formula by using DNA ligase in
the test tube,

2. The DNA sequences are amplified by PCR,

3. For a truth-value assignment, we have put the Watson-Crick complements
of DNA substrands encoding the assignment, applied the primer extension
with DNA polymerase, and confirmed the primer extension and the poly-
merization stop at the stopper sequences,

4. We have extracted the DNA sequences encoding the DNF formula with mag-
netic beads through biotin at the 5-end of primer and washing.
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3 Probabilistic Interpretation of the Test Tube

In our probabilistic interpretation, we simply represent a “probability (weight)”
by the volume (number) of copies of a DNA strand which encodes the prob-
abilistic attribute. Approximately, 24 DNA strands of length around several
hundreds are stored in 1.5ml of a standard test tube, and by considering the
test tube of 1.5ml as the unit, we can represent the probabilistic values using
the quantities of DNA strands with precision up to 24°.

In probabilistic logic, the logical variable “x” takes a real truth-value between
0 and 1. Further, when the value of the variable x is ¢ (0 < ¢ < 1), the negation
“=z” of the variable = takes the value 1 — c. Hence, for the logical variable z
and its value ¢, we put the DNA strands encoding  with volume ¢ of the unit
(entire) volume for x, and simultaneously we put the DNA strands for -z (the
negation of x) with volume 1 — ¢ into the test tube. Combined with the methods
for representing and evaluating Boolean formulae, we can execute the following
probabilistic inference:

1. We extend the truth-value assignment a = (b1, ba, . . ., b,,) to the probabilistic
truth-value assignment a’ = (¢1,c¢o,...,¢,) where each ¢; is a real value
between 0 and 1 to represent the probability that the variable x; becomes 1.

2. We execute a modified algorithm B’(T,a’) for the probabilistic truth-value
assignment a’ = (¢, ¢, . .., ) such that for each ¢; (1 <@ < n) and the unit
(entire) volume Z of the test tube, we put (1 — ¢;)Z amount of the Watson-
Crick complements =z; of the DNA strand for the negation —z; into the test
tube T and put ¢;Z amount of the complement z; of x; into 7.

Ezample 1. We consider two Boolean variables {z,y} and a Boolean formula
x A —y which is encoded as follows:

5" — marker —x — -y — 3’

We prepare enough amount Z of copies of this DNA strand and let the proba-
bilistic assignment be a’ = (c1, ¢2).

— Case ¢; = 0.2 and ¢z = 0.0: (illustrated in the lefthand side of Figure [I).
The execution of the algorithm B’(T,a’) implies that 20% amount (that is,
0.2Z) of DNA strands for « A -y have single-stranded markers and hence
the probability that the truth-value of x A -y becomes 1 is 0.2.

— Case ¢; = 0.2 and ¢ = 0.7: (illustrated in the righthand side of Figure [I).
The execution of the algorithm B’(T,a’) implies that the amount between
0% and 20% of DNA strands for z A =y have single-stranded markers (the
expected amount is 6%) and hence the probabilistic truth-value of x A —y is
between 0.0 and 0.2.

Ezxample 2. We consider a Boolean formula x V -y which is encoded as follows:

5" — marker — x — stopper — marker — —y — 3’
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Fig. 3. Probabilistic logical inferences with a Boolean formula = A —y.

— Let the probabilistic assignment be o’ = (0.2,0.7).
The execution of the algorithm B’(T,a’) implies that 80% left markers of
DNA strands representing x V —y become double-stranded and 70% right
markers become double-stranded, and hence the amount between 30% and
50% of DNA strands have at least one single-stranded marker. Thus the
probabilistic truth-value of x V -y is between 0.3 and 0.5.

4 Learning by Amplification and the Majority Inference

In our previous work [4] for DNA-based learning of Boolean formulae from the
training data without errors, we have proposed a learning method of “selecting”
DNA strands of consistent Boolean formulae and “eliminating” inconsistent ones,
which is illustrated in Figure @l In this paper, for robust learning of Boolean
formulae, we take the strategy of “amplifying” DNA strands encoding consistent
Boolean formulae.

First, we briefly explain the weighted majority algorithm [3] that is a general
and powerful method for on-line predictions and to make the learning algo-
rithms robust for errors in the data. Next, we propose a method to implement
the weighted majority algorithm on DNA computers and extend the DNA-based
consistent learning algorithm to being robust for errors in the data. A fundamen-
tal strategy of our method is the “amplification” of the consistent (correct) DNA
strands while the weighted majority algorithm decreases the weights of inconsis-
tent ones. This is a obvious difference of our method from the weighted majority
algorithm in order to be adequate for implementing on DNA computers.

The weighted majority algorithm [3] is a general and powerful method for
on-line prediction problems in the situation that a pool of prediction algorithms
are given available to the master algorithm and the master algorithm uses the
predictions of the pool to make its own prediction. The on-line prediction prob-
lem is generally defined as follows: Learning proceeds in a sequence of trials, and
in each trial the prediction algorithms receive an input instance from some fixed
domain and produce a binary prediction. At the end of the trial, the prediction
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Fig. 4. DNA-based learning algorithm by “selecting” DNA strands of consistent
Boolean formulae and “eliminating” inconsistent ones, for a training example
(101,1) where the correct value is 1.

algorithms receive a binary label, which can be viewed as the correct prediction
for the instance. The goal of the on-line prediction problems is to design a predic-
tion algorithm which makes mistakes as few as possible. The fundamental ideas
of the weighted majority algorithm is to assign a weight to each prediction algo-
rithm in the pool and take the weighted voting for the prediction of the master
algorithm. When it makes a mistake, the weighted majority algorithm updates
the weights of the prediction algorithms which made the mistake by multiplying
by a fixed constant less than 1 (that is, decreasing the weights). This strategy
has been proved to work very well for the on-line prediction problems.

Now, we implement the weighted majority algorithm on DNA computers,
called DNA-based magjority algorithm via amplification (DNAMA), as follows
(illustrated in Figure H).

1. (Representation:) We first encode each (prediction) function into a DNA
strand and represent the weight of a function by the volume of DNA strands
encoding the function in the test tube. The set of DNA strands encoding the
functions in the “test tube” correspond to the set of functions in the “pool”.

2. (Prediction:) The master algorithm compares the total volume of the DNA
strands predicting 0 to the total volume of the DNA strands predicting 1,
and predicts according to the larger total (taking the weighted majority).

3. (Update:) When the master algorithm makes a mistake, the volume of the
DNA strands that agreed with the label of the given example are amplified
(multiplied) by some fixed 7 such that v > 1.

In the next section, we show a mistake bound that the DNA-based majority
algorithm via amplification makes O(log N +m) mistakes, where m is the number
of mistakes of the best function in the test tube and N is the number of different
functions in the test tube.
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Fig.5. DNA-based learning (weighted majority) algorithm by “amplifying”
DNA strands of consistent Boolean formulae.

5 Mistake Bound for Updating by Amplification

To prove the theorem for a mistake bound of DNAMA, we prepare some nota-
tions and definitions. Assume that there exist a set of N prediction functions
encoded by DNA strands in the test tube and let w; denote the volume (weight)
of i-th function in the test tube. For a given trial, let ¢y and ¢; denote the total
volume of the functions in the test tube that predict 0 and 1, respectively. Then
DNAMA updates the volumes by amplifying the volumes of the functions which
made the correct prediction on the trial by some fixed ~ such that v > 1. Let
Wini¢ denote the total initial volume of all functions in the test tube and wy;,
denote the total final volume after all examples have been processed.

Theorem 1. Assume that T is a set of N prediction functions encoded by DNA
strands in the test tube and that m; is the number of mistakes made by i-th
function in the test tube on a sequence S of instances (examples) with binary
labels. DNAMA makes O(log N + m;log~y) mistakes on the sequence S when
DNAMA is applied to the test tube T with equal initial volumes.

Proof. Let wpre and wqfier denote the total volume of all functions in the test
tube before a given trial and after the trial, respectively, and m be the number
of mistakes made by DNAMA on the sequence S.

We first assume that wpre -t > wq pter holds for some fixed constant 1 < u <y
when DNAMA makes a mistake. Then it obviously holds that wins - u™ > wyin
and wyy, > w; -y~ ™. By a simple calculation, we have

(z)m < Winit =™
U - W;
By putting w;n;: = N and w; = 1, we have a bound
log N + m;log~y
m< ———— .
log ()

Now we show wpre - U > Wqrter for some fixed 1 < u < . Without loss of
generality, in this trial we assume that the DNAMA’s prediction is 0 and hence
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qo > q1, and the correct label is 1. Then, we need to show that (g0 + g1)u >
qo + ¢17- By a simple trick [3], it holds that (go + ¢1)(1 + 58) > 2840 + ¢1 for
0 < 8 < 1. When we put v > 1+ 3 and 28qg + 2q1 > qo + ¢17, it must hold that

1 111(7 )

3
3G

2 q0 2
vz u

Therefore, 2 <y <2+ qo/q1, (y—1)/2< 8 <1, and (y+1)/2 < u < v satisfy
the required conditions. a

For examples, v = 2, u = 3/2 and 3 = 1/2 derive a mistake bound

log N + m; log 2
log (3)

Hence, the amplification to “double the volumes” of the correct DNA strands
(that is, DNA strands consistent with the given example) works well and the
DNAMA makes O(log N) additional mistakes to the mistakes mpes: of the best
prediction function in the test tube. If mpes: = 0, that means the errors contained
in the data is 0, the DNAMA makes at most O(log V) mistakes.

6 Taking Account of PCR Replication Errors

In our DNA-based majority algorithm via amplification, we assume that the
amplification by PCR must be precisely done and make a correct copy of DNA
strands. However, this is not a practical assumption and in a real laboratory
experiment, some errors on replications can occur with some probability. Hence,
we need to incorporate the PCR replication errors into our method. The DNAMA
has some tolerance for replication errors in the current form with some expense
of additional mistakes. Here, we provide a rough analysis of mistake bounds of
the DNAMA with the replication errors.

When we execute the PCR amplification to make a copy of some DNA strand
which encodes some function, say i-the function, the replication errors on the
PCR amplification will cause two possible results:

(1) the DNA strand produced by the amplification with errors encodes no mean-
ingful function (that is, it does not satisfy the encoding syntax), and
(2) the produced DNA strand encodes other function, say j-th function.

In any case, the condition wpye - U > Wy fter in the proof of Theorem [ can hold.
However, the condition wg;, > w; - y™~™ does not hold in both cases. For a
rough analysis, we assume that in € fraction (0 < e < 1) of the total number m;
of amplifications (updates of volumes), the replication errors will occur and fail
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to make a correct copy of i-th DNA strand (i-th function). In this case, we have
the following inequality:

mfmi)-(lfe)'

Wein > w;i Y

By a simple calculation, we have

< log N + (1 — €)m; log~y

"= log (72 )

Then it must hold that v17¢ > u > (v + 1)/2. In the case of v = 2, ¢ < 1/3
satisfies the condition. Hence, 1/3 fraction of the total number of amplifications
is allowed to have the replication errors and fail to make a correct copy. The
expense of additional mistakes is roughly O(elog N/(1 — €)).

7 Application to Intelligent DNA Chip

The intelligent DNA chip [5] applies the DNA-based learning algorithm to med-
ical diagnoses from gene expression profile data. An advantage of it is that the
DNA-based computation directly accepts gene expression profile as input in the
form of molecules. We consider to apply our new learning method, DNAMA, to
the intelligent DNA chip.

If we put a gene expression profile data as a training data to the DNAMA the
DNAMA trains the test tube to represent some characteristic rule for the gene
expression profile. For example, when the gene expression profile is specific to a
disease, the trained test tube containing a number of DNA strands for Boolean
formulae could be used to diagnose a test data as the disease state. Thus, the
DNAMA will make a “magic water” inside the test tube for a diagnosis of the
specific disease.
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Abstract. DNA is used to implement a simplified version of poker.
Strategies are evolved that mix bluffing with telling the truth. The es-
sential features are (1) to wait your turn, (2) to default to the most
conservative course, (3) to probabilistically override the default in some
cases, and (4) to learn from payoffs. Two players each use an independent
population of strategies that adapt and learn from their experiences in
competition.

1 Introduction

The long-term goal is to use DNA to construct special purpose computers. Their
special purpose is to learn game-playing strategies adapting to the strategies of
opponents, even while opponent’s strategies are also changing and adapting. It
is clear that many real-world problems have this nature—and it is equally clear
that no general solution method is known for these problems. The ultimate payoff
for our research is a method of searching for adaptive game-theoretic strategies.

The ultimate aim is to use DNA to encode game strategies that improve over
time and adapt to the strategies of other players. In the long term, this is to
be addressed for the game of poker. In the medium term, a simplified 3-person
poker [I] that has no “equilibrium” is to be addressed.

In the near term, this paper demonstrates the necessary DNA laboratory
techniques for an example from a textbook on game theory [2]. This game is a
simplified version of poker, but it still involves probabilistic strategies of bluff-
ing versus truth-telling and calling versus folding. The essential features are to
wait your turn, to default the most conservative course, and to probabilistically
override this default in some contexts, and to learn from the payoffs obtained.
Each of two players competes using a large population of strategies that adapt
and learn from their experiences in competition.

We employ laboratory evolution of DNA [3J45l6)7], DNA hairpin extension
[RI9JT0], and the evolutionary computation paradigm from conventional com-
puting [TTUT2JT3]. All three of these techniques been used before, but have never
been combined.
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1.1 The Advantages of DNA for Computing

Computations of evolving strategies seem particularly well suited to DNA im-
plementation.

1. Estimated answers for a particular problem can be encoded in DNA molecules
using binary representation.

2. Selection by fitness, and breeding via mutation and crossover, can be imple-
mented by laboratory procedures, as demonstrated in [45].

3. Evolutionary computation, like natural evolution, benefits from tolerance of
error [1415], requiring only that selection be correlated with fitness.

4. Massive parallel processing of up to 10'® independent bytes of data is a
characteristic of DNA laboratory processes (about one milligram). This is
comparable to projected next-generation silicon computers [16].

5. A very large amount of information storage is available using DNA. For
example, the entire Internet contains about the same amount of data as a
milligram of DNA [17].

6. DNA laboratory procedures can multiplex many simultaneously evolving
populations at no extra cost. Multiplexing permits large-scale sampling of
the distribution of possible population evolutions.

2 Where Do Game Strategies Come from?

A game is a situation in which two or more players make moves (or plays). The
reward received by a player for its moves depends in part on the moves made
by the other player(s). The broad applicability of game theory not only ensures
its importance, but also explains why game theory is unlikely to produce gen-
eral methods for finding good strategies. While we admire the accomplishments
of game theory, we regret that equilibrium and hyper-rationality are so often
unrealistically assumed [18].

Playing competitive poker, for example, seems to be (1) a dynamic process
of adapting one’s strategies while (2) exploiting the mistakes of opponents. Re-
grettably, neither of these two features is usual in game-theoretic analysis. We
depart from what has been the mainstream of game theory in that we focus on
the dynamics of play and strategy creation, rather than on the statics and the
various equilibrium concepts. See [19].

A recent commentary in Nature nicely captures our perspective:

“Of course, the main problem with Nash equilibria is still there: they
may exist, but how does one reach them? . . . .We are in a situation akin
to the beginning of mechanics: we can do the statics, but we don’t have
the dynamics.”

Some of our prior research provided application of evolutionary computation
to competitions [20l2TI22/23]. We are led to using evolutionary computation
because: (1) it is a general paradigm for exploring large search spaces. (2) its
robustness under change or uncertainty is important since the very meaning of
“good strategies” dynamically changes as opponents evolve their own strategies.
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2.1 Complexity of Seeking Game Strategies

The complexity of the problem of finding good strategies can be indicated in
the following way. Roughly speaking, all interesting games have exponentially
many possible strategies. As for finding good strategies, no definite procedures
are known which can consistently outperform simple enumeration. This is anal-
ogous to the complexity of seeking solutions or approximations for NP-complete
problems, plus extra difficulties arising from dynamically changing situations.
Even in the case of finding Nash equilibrium, which we regard as regrettably
static, no polynomial algorithm is known. In fact, Papadimitriou says [24],

“...the complexity of finding a Nash equilibrium is in my opinion the
most important concrete open question on the boundary of P today.”

3 Simplified Poker via DNA

In this paper, we use an very simplified version of poker taken from a game
theory textbook [2]. Even so, it incorporates bluffing, calling, and folding—all of
which must be done with varying probabilities, if good payoffs are to be achieved.

1. There is a Dealer and a Player. Each contributes $1 into the pot to start one
hand of play. The Dealer deals a single card, an Ace or a 2, so that only the
Player can see it.

2. If the card it is an Ace, the Player must add $1 and say “Ace.” If the card
is a 2, the Player may say “2,” losing the hand, or may add $1 and bluff by
saying “Ace.”

3. If the Player has said “Ace,” it becomes the game continues an it is the
Dealer’s turn. The dealer may choose to fold, losing the hand and ending
the game, or the Dealer may add $1 and call.

4. If called, the Player must show the card. Player wins the hand if the card is
an Ace, and loses if it is a 2.

3.1 Strategies Are Learned by Playing Trillions of Simultaneous
Hands Using DNA

Our DNA based implementation of playing poker is organized as shown in Fig. 1.
This figure gives a broad overview of three independent but linked processes.
The overall approach of selection by fitness, adding variation by crossover, is an
extension of in-vitro evolution [25].

At the top, differing strategies compete, and the resulting histories of play
are separated by outcomes.

In the middle, the many dealer-strategies are evaluated and selected by us-
ing a procedure based on payoffs achieved. This must be done carefully. Many
selection criteria are possible. Considerable care is needed. For example, it is
foolish to insist on consistently high payoffs because such strategies become pre-
dictable, and therefore exploitable by one’s opponent. Population size is restored
by making many copies of the selected strategies. Then, crossover can be used
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Fig. 1. Evolving poker playing strategies.

to induce variation within the population of strategies. Finally, these new dealer
strategies are entered into another round of competition.

At the bottom of Fig. 1 the other player uses a similar process, but with an
independent method of selection.
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Fig. 2. A Player’s strategy and a Dealer’s strategy join for one hand of poker.

3.2 Encoding Strategies in DNA Strands

The Player’s strategies are encoded in single-stranded DNA as shown at the
top of Fig. 2. This DNA strand consists of four pairs of labeled regions, with
pairs separated by “stoppers.” The roles of the various regions will be explained
shortly.

It is important to note that all of the Player’s strategy strands are identical
except in one variable region, labeled SAY 2’. This region will vary throughout
the Player’s population of strategies. Its purpose, as we will see, is to implement
diverse probabilities of bluffing. The Dealer’s strategies are similarly encoded,
having one variable region labeled FOLD’ to implement various probabilities of
calling. Of course, the variable regions are not predictable in advance. These
variable regions will probabilistically determine the course of the play.

The cards to be dealt are Ace and 2, shown with unlabeled spacers at their
left (labeled Deals in Fig. 2.)

Restriction enzymes, R.E. 1 and R.E. 2, cut DNA strands at specific loca-
tions, where indicated. This facilitates first joining each Dealer strategy strand
to one Player strategy strand and to a Deal strand. The restriction enzymes are
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later used to sever these strands so they can be individually recovered (separated
by length using gel electrophoresis).

Two situations can result, as shown at the bottom of Fig. 2. They differ in
that their right hand ends have an Ace or a 2.

3.3 The DNA Sequences Used

The specific DNA sequences used are shown in Table 1. These sequences are
based on [d] where they were used in DNA hairpin extension. The hairpin ex-
tension of [9] is similar to the play of one hand of simplified poker, except using
two fixed non-probabilistic strategies.

Table 1. DNA sequences encoding simplified poker.

Names Size Sequences

A (Ace) 15-mer: 5’ CCGTCTTCTTCTGCT 3’
A’ 15-mer: 5’ CCGTCTTCTTCTGCT 3’
2 15-mer: 5’ TTCCCTCCCTCTCTT 3’
2’ 15-mer: 5’ AAGAGAGGGAGGGAA 3°
Say A’ 15-mer: 5’ CGTCCTCCTCTTGTT 3’
Say 2 15-mer: 5’ CCCCTTCTTGTCCTT 3’
SAY 2’ 15-mer: Random with T,G, & C
Fold 15-mer: 5’ TGCCCCTCTTGTTCT 3’
FOLD’ 15-mer: Random with T,G, & C
Call’ 20-mer: 5’ CTCCTCTTCCTTGCTCTTCTCCCTT 3’

3.4 DNA Hairpin Extension Plays a Hand of Poker

At the top of Fig. 3 below, two strategies are combined with a dealt Ace. The
rest of the figure shows how the play of this one hand can result in two possible
outcomes, depending on whether the Dealer decides to fold or call. The play of
a hand when a 2 is dealt is similar.

Having been dealt an Ace, the Player must say “Ace.” This is accomplished
using DNA in the following way. The sequence encoding A at the end of the
DNA strand strongly pairs with its Watson-Crick complementary sequence A’.
This enables DNA polymerase to extend the strand by appending the sequence
Say A’. Extension halts at a “stopper.” To continue extension into a stopper
region (encoded with 4 A-bases) would require dTTP, which is withheld from
the reaction. Raising the temperature disrupts interstrand pairing. Recooling
begins the Dealer’s turn.

The Dealer must decide to call or fold. This is an IF-THEN-ELSE type
decision, but we implement it in the form, “By default, fold, but if the probability
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Fig. 3. Play of one hand of simplified poker in the case when an Ace is dealt.

is large enough, change your mind and call.” That is, in the part of Fig. 3 labeled
Dealer Folds, the Dealer’s strategy encodes this situation and extends the DNA
strand with the Fold sequence.

After heating followed by cooling, the FOLD sequence may or may not pair
with the FOLD’ sequence, as at the bottom of Fig. 3. If and only if pairing
occurs, the DNA strand is extended by the Call sequence, essentially changing
the Dealer’s decision from fold to call.

Success of pairing depends on the FOLD’ sequence, which is generally dif-
ferent for different Dealer strategy strands. The FOLD’ sequences in the initial
population of strategies are initially randomized during the synthesis of Dealer’s
strategy strands. Therefore, the population of Dealer’s strategies will generally
produce some fold outcomes and some call outcomes. These outcomes are later
used to select strategies by payoffs. Thus, it is the FOLD’ sequences within
Dealer’s strategy strands that adapt by learning from outcomes.

3.5 Experimental Results

In this experiment, about a million distinct Dealer strategies are used. (Each one
is likely to occur with many duplicates of itself.) This large variety of strategies
is present because the FOLD’ labeled region is randomized during the DNA
synthesis. Similarly, about a million independent Player strategies are present.

The experiment consists of about a million million distinct hands of poker
all being played at one time, with and Ace being dealt in all cases. Each hand
to be played pairs up one Dealer strategy with one Player strategy.
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Each hand played is some one strand of DNA, which is extended as shown in
Fig. 3. Because of the randomization in the FOLD’ region, some Dealer strategies
will fold and some will call, as seen in Fig. 3.

Figure 4 shows the result of laboratory reactions that enable extensions of
the poker hands encoded in DNA. The gel band at 282 shows that in some cases
a dealer strategy has called. The band at 262 are the cases where the dealer has
folded. The band at 247 contains games yet to be completed, and the band at
232 consists of hands that have failed to extend.

Dealer MIGHT Change to Call Extend
(Call) Fold
Preventer
” Fold’ Call’ FOLD’
(282-mer) -g
Extend
Dealer Fold (F;ld) Say Z? :
s ————— 1 -
Fold” Say A’ <4
(262-mer) \ - zgg
4_
Player Says Ace -. <
Extend 250
(Say A)
T | 225
SyATA 247-mer «
( ) - :. - 200
(232-mer) i—

Fig. 4. The extensions illustrated in Fig. 3 are carried out in this experiment.

3.6 The Dealer and Player Independently Evolve Their Strategies

So far, we have explained how DNA laboratory techniques are able to pair off
Dealer strategies and Player strategies along with a deal of an Ace or a 2. The
result is: each such DNA strand is extended so that it records the entire history
of the play of one hand of simplified poker. So far, we have elaborated on the
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Fig. 5. Each branch of the game tree produces different length DNA strands.

top part of Fig. 1. We now go on to explain how the Dealer and the Player can
independently evolve their populations of strategies.

Fig. 5A (the extensive form of the game of simplified poker, plus an error
output) contains all five possible game histories, along with their payoffs, positive
or negative, for the Dealer. The left side of the game tree corresponds to Fig. 3.
Figure 5A also indicates how different final lengths of the DNA strands encode
each of the possible histories.

Differing lengths make it convenient to physically separate histories using
denaturing gel electrophoresis. Readout is provided by quantifying the amounts
of DNA in each band of the gel. Other techniques could also be used, for example
the 2d-DGGE techniques that we have used in evolutionary computations [45].

Physical separation by length via gel electrophoresis is indicated on the left
of Fig. 5B. Each band of the gel corresponds to a different payoff.
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What follows is that for each possible payoff the Dealer receives a quantified
sample of the strategies that led to the given payoff. These samples are obtained
by literally cutting the bands from the gel and extracting the DNA from them.
The Dealer is then able to recombine strategies in various dilutions of her own
choosing. Using this freedom of choice, and a chosen amount of crossover to
explore further variations, the Dealer produces a new generation for strategies
that will hopefully improve her net payoff. Improvement cannot be guaranteed,
of course, because the Player is independently striving for the opposite outcome.

3.7 Regular Poker Would Use Similar Techniques

In regular poker decisions are similar but somewhat more complex. For example,
the Dealer’s decision in Fig. 3 would become the following. “By default, I fold,
but append a copy of the hand I have been dealt. If my hand is good enough
to match an evolved criterion, I can change my mind and call. But I append
another copy of my hand and if it is good enough, I make a small raise.” An
additional comparison can result in a larger raise, etc.

A “wait your turn” feature is also shown in the last step in Fig. 3. Strictly
speaking, this feature is not needed in simplified poker, but we wish to test it
because it is needed in other games where players may take several turns. In
essence, the Player’s strategy is prepared to react to folding, but must not react
before there is a chance for the Dealer to change from fold to call. Thus, as
we cool the DNA we include a Preventer stand that preferentially (at higher
temperature) pairs as shown in the Player’s strategy. Should prevention fail, we
would detect the presence of the Error sequence in some outcomes.

4 Anticipated Directions

We wish to address some game theoretic questions on the evolution of strate-
gies for simplified poker. For simplified poker the questions can also addressed
by analytic means, and by computer simulation. However, computer simulation
would be difficult for populations as large as when using DNA.

The main outcome sought is to gain confidence in the DNA encodings and
techniques that could be applied to more challenging games, especially poker.
We will address questions such as the following. Is equilibrium maintained once
it is induced? If one party uses an equilibrium strategy, will the other party
evolve to equilibrium? If one party does a poor job of learning strategies, does
the other party exploit this? What are good choices for programmable selection
in evolving strategies? Will they result in obtaining equilibrium? If so, how fast?
How much does crossover help? What crossover rates are best?

Thus, we have cited many more questions than answers. However, we hope
to provide a technique for answering such questions—namely, taking advantage
of the massive parallelism of DNA computing to test huge numbers of strategies
in competition and to improve them based on their outcomes.
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Abstract. In Whiplash PCR (WPCR), autonomous molecular compu-
tation is achieved by the recursive, self-directed polymerase extension of
a mixture of DNA hairpins. A barrier confronting efficient implementa-
tion, however, is a systematic tendency for encoded molecules towards
backhybridization, a simple form of self-inhibition. In order to examine
this effect, the length distribution of extended strands over the course of
the reaction is examined by modeling the process of recursive extension
as a Markov chain. The extension efficiency per polymerase encounter
of WPCR is then discussed within the framework of a statistical ther-
modynamic model. The efficiency predicted by this model is consistent
with the premature halting of computation reported in a recent in vitro
WPCR implementation. The predicted scaling behavior also indicates
that completion times are long enough to render WPCR-based massive
parallelism infeasible. A modified architecture, PNA-mediated WPCR
(PWPCR) is then proposed in which the formation of backhybridized
structures is inhibited by targeted PNAs/DNA triplex formation. The
efficiency of PWPCR is discussed, using a modified form of the model
developed for WPCR. Application of PWPCR is predicted to result in
an increase in computational efficiency sufficient to allow the implemen-
tation of autonomous molecular computation on a massive scale.

1 Introduction

In Whiplash PCR (WPCR), autonomous computation is implemented by the
recursive polymerase extension of a mixture of DNA hairpins [1]. Although the
basic feasiblity of WPCR has been experimentally demonstrated [TJ2J3], a barrier
which confronts efficient implementation is a tendency for single-stranded (ss)
DNAs to participate in a form of self-inhibition known as backhybridization [1]2].
To illustrate, consider the WPCR implementation of the 3 step path, 0 — 1 —
2 — 3, shown in Fig. [l Computational states are represented by unique DNA
words of length, [ bases. Each strand is composed of 3 regions. The transition rule
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region encodes the computation’s transition rules (in Fig.[I, 0 — 1, 1 — 2, and
2 — 3). The head region contains a record of the strand’s computation, where the
5-most and 3’-most code words encode for the strand’s initial and current state,
respectively (in Fig.[l, 0 and 1). The spacer region guarantees adequate spacing
for hybridization. A single round of computation is achieved by the hybridization
of the 3’ head with a matching code word in the transition rule region, followed by
extension by DNA polymerase. Extension is terminated by a short poly-Adenine
stop sequence, combined with the absence of free dTTP in the buffer. In Fig. [
(top structure) this process has appended codeword 1 to the strand’s 3’ end,
implementing the transition, 0 — 1. Although the second extension requires the
formation of hairpin (a), this process is complicated by the ability of the strand to
form backhybridized hairpin (b), which is much more energetically favorable than
hairpin (a). The number of alternative, backhybridized configurations increases
with each extension. For a ssDNA undergoing the r*" extension, a total of r
alternative hairpin structures will be accessible, only one of which is extendable
by DNA polymerase. Occupancy of the » — 1 backhybridized structures reduces
the concentration of ssDNAs available for the computation.

WPCR Molecule after 1 Successful Extension:

Encoded Transition Rules Spacer Encoded Path
Rule Block 0:1  Rule Block 1:2  Rule Block 2:3
5' I | I | 1 - ey 3
1 0 2 1 3 2 0 1

M Stop Sequences

In round 2, a pair of configurations are accessible:

) fexiends —
(extendable, 1 = 2) — .

1 0
(b) Backhybridized: <X, -
(unextendable) 1 (—) E T g 5

Fig. 1. Backhybridization. After the first extension process (top structure),
two hairpins are accessible to the extended molecule. Occupancy of hairpin (b)
reduces the concentration of extendable structures (a), and inhibits further com-
putation. A total of r — 1 backhybridized structures will be accessible during
extension process, 7.

In Sec. 2 the length distribution of extended strands, as a function of the
reaction temperature and the number of polymerase encounters per strand, is
examined by modeling the recursive extension of each strand as a Markov chain.
The extension efficiency per polymerase-strand encounter is then discussed using
a statistical thermodynamic model of DNA hybridization. Model predictions are
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shown to be consistent with the premature halting of computation observed in a
recent in vitro WPCR implementation [3]. Based on the scaling behavior of the
model, completion times are predicted to be long enough to render WPCR-based
massive parallelism infeasible. In Sec. [3], a modified architecture, PNA-mediated
WPCR (PWPCR) is proposed in which the formation of backhybridized struc-
tures is inhibited by targeted PNAy/DNA triplex formation. The efficiency of
PWPCR is then discussed by application of the statistical thermodynamic model
developed for WPCR, combined with a simplified all-or-none model of iterative
extension. Targeted triplex formation is predicted be accompanied by a large
increase in efficiency, which is sufficient to support the implementation of au-
tonomous molecular computation on a massive scale.

2 The Efficiency of Whiplash PCR

The appeal of WPCR lies in the potential for the parallel implementation of
a massive number of distinct computational paths. For this purpose, a distinct
DNA species must be included in the initial reaction mixture for each acyclic
path in the instance graph. Although a general analysis of hairpin extension
efficiency would require an assessment of strand-strand interaction, in WPCR
the DNA molecules are anchored to a solid support. As a result, the impact of
intermolecular interaction may be neglected, allowing the recursive extension of
each WPCR species to be modeled independently. The fundamental details of
WPCR efficiency are therefore contained in an analysis of the single-path case.

The process of recursive extension for each DNA strand may be modeled
as a Markov chain [4]. For a ¢-step WPCR implementation, let the extension
state, r of each strand be defined to equal the number of times the molecule
has been successfully extended plus 1. Note that a strand’s extension state is
distinct from a strand’s computational state. During the course of the reaction,
extending strands may occupy a total of ¢ + 1 extension states, ranging from
r = 1 (completely unextended) to r = ¢+ 1 (fully extended). Let ¢, denote the
probability that a polymerase encounter with a DNA strand in extension state
r observes the strand in an extendable configuration. With each polymerase
encounter, a DNA strand will increment its extension state by either 0 or 1,
with probabilities 1 —e¢,., and e,, respectively. For molecules which reach the final
absorbing state, ¢+ 1, no further extension is possible (i.e., €441 = 0). The state
occupancies resulting from N, polymerase encounters/strand at temperature 7.,
are given by the product of the N,-step transition matrix, P(T;,, N.) and the
initial state occupancy vector, [N, 0 ... 0], where N, is the total strand number.
P(T,z, N.) is given by the Chapman-Kolmogorov eq. [4],

1761 €1 0 0 e
0 1—62... 0 0
P(TmaNe): : : - : : (1)
0 0 ...1-¢5¢q

0 o ... 0 1
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The estimation of N, and ¢, is discussed in Sec. [Z1] and Sec. 22, respectively.
The resulting state occupancies estimate the length distribution, in terms of
number of extensions, among all N, strands, for particular values of T}, and N..
Accounting for a more complicated thermal program is straightforward. For a
thermal cycle which consists of several polymerization periods of diverse duration
and temperature, the process of extension is modeled by (1) estimating an N,
value for each subcycle, (2) constructing a transition matrix for each subcycle
according to the T, employed, and (3) applying the resulting set of matrices
iteratively to the initial state occupancy vector.

2.1 The Efficiency per Polymerase-DNA Encounter

The quantity €, may be discussed within the framework of a statistical thermo-
dynamic model. Consider an ensemble, S, of identical WPCR molecules, each
of which has been extended 7-1 times. Assuming an all-or-none model of du-
plex formation, members of S, will be distributed amongst r+1 configurations:
an unfolded ssDNA species, an extendable hairpin species, and a set of r-1 un-
extendable hairpin species, each of which is a backhybridized artifact from a
previous round of extension. The statistical weight of a simple hairpin config-
uration, which consists of an end loop of n unpaired bases and a lone duplex
of length j paired bases is estimated by K = 0Z;(n + 1)~!5, where Z; is the
statistical weight of stacking and o is the cooperativity parameter [5].

In order to ensure the uniformity of the various extension reactions of an
implementation, WPCR, code words are typically selected to have uniform GC
content [2]. This procedure results in an approximately equal Gibbs free energy of
stacking for each codeword with its Watson-Crick complement [3]. The statistical
weight of stacking for a length j duplex is then estimated by Z; = s/~! [6], where
s is the statistical weight for the average base pair doublet of the implementation.
The equilibrium fraction of extendable ensemble members, ¢, is estimated by
the ratio of the statistical weight of the extendable hairpin to the sum of the
statistical weights of all structures. Constructing this ratio with the particular
values, j = [ and j = 2[ for the single planned, and r — 1 backhybridized hairpin
configurations, respectively yields,

(n, +1)4° -t

€r = 1+ ’Vrsl + O'Sl71 3 (2)

for the extension efficiency per polymerase-DNA encounter of the single-path
WPCR. implementation. Here, v, ~ Y7~/ (n,/n;)'" expresses the impact of
variations in loop length between competing hairpin strucures, n,. is the terminal
loop length of the extendable configuration, and each n; is the loop length of the
hairpin structure extended during previous round <.

The single path case may be generalized to apply to parallel WPCR if vari-
ations in €, due to differences in the specific ordering of transition rule blocks
within the rule region are neglected. It is straightforward to demonstrate that
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the values, 7, ~ 1.66r and 7, ~ (q+r)l are those characteristic of an implemen-
tation with mean loop lengths in all rounds, where the average is taken over all
transition rule orderings. Combining these mean values with Eq. [2] yields,

l r 1.5y 1

6@~ {1+1.66TSI+M} (3)
os

for the mean efficiency of a parallel, g-step WPCR implementation with param-

eters [ and s. This expression may also be used to estimate the efficiency of the

mean g-step single-path implementation. In the following text, estimates which

have been obtained using €, will be distinquished by an overscore.

2.2 The Mean Polymerase/DNA Encounter Rate

The mean number of polymerase encounters per strand, during a polymerization
period of length At, may be estimated as follows. Let N, denote the number
of units of Taqg DNA polymerase utilized, where 1 unit corresponds to the syn-
thesis of 10 nmol of added bases in 30 minutes, using an excess of activated
salmon sperm DNA as substrate [7]. Let v; denote the number of distinct ex-
tensions/second by 1 unit of polymerase under optimal conditions, using excess
substrate (target and primer), and in the absence of unextendable substrate. Tag
DNA polymerase is fast and highly processive [7]. It is therefore assumed that (1)
the mean polymerase-DNA dissociation time is much larger than both the time
required for oligo-length extension and the mean time between polymerase-DNA
encounters, and (2) each encounter results in the all-or-none (oligonucleotide
length) extension of the encountered molecule. In this case, the total number
of enzyme-substrate encounters in time At, is invariant to the DNA substrate
extendability, and may be estimated by the product Nepe = Nyvp Aty Assum-
ing that encounters are distributed uniformly over all N, strands, the number
of encounters/strand which occur in time At, is estimated by,

Nenc o Nul)t Atp

N, =
N, N,

(4)

2.3 Comparison with Experiment

The WPCR implementation of an 8 step path was recently reported [3]. The
experimental protocol in [3] was as follows. An estimated total of N, ~ 1.2x 103
immobilized strands was utilized, with 5 units of Tag DNA polymerase, in a
total volume of 400 pL. Constant conditions of pH = 7.0 and I = 0.205 M ([K*]
= 0.05 M, [Mg*t*] = 1.5 mM) were maintained. The first extension process
of each strand was implemented separately, by “input PCR”. The remaining
7 extensions were implemented by the application of 15 thermal cycles, each of
which consisted of (1) 30 s at 337 K, (2) a rapid increase to 353 K in 60 s, (3) 300 s
at 353 K, and (4) a decrease to 337 K in 120 s. The success of each extension was
evaluated in all-or-none fashion, by means of a novel “output PCR” technique.
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Success of the output phase was evaluated using gel electrophoresis. Bright bands
were reported at the mobilities characteristic of the fully extended product for
each of the first 5 extensions (including the extension implemented by input
PCR). This result was taken to indicate the success of the first five extensions.
Very faint bands reported at various other mobilities are assumed to indicate
error extension during WPCR and output PCR.

In [3], it was maintained that problems due to backhybridization had been
overcome by the applied thermal program, and that the observed poor perfor-
mance was due to other factors. The validity of this view may be tested theoret-
ically by a comparison of the observations reported in [3] with the predictions of
the Markov chain model. For this purpose, the free energies of the code word set
in [3] were estimated using the nearest-neighbor model of [8]. Computed values
were verified to approximately satisfy the assumption of code word energetic
uniformity. For instance, the mean code word standard enthalpy and entropy
of stacking for each | = 15 base DNA code word was estimated at 114 + 2.04
keal/mol and 303 & 5.62 cal/mol K, respectively, at 1.0 M [Na™]. Values were
then adjusted to account for the reported experimental K+ and Mg™* concen-
trations, using the methodology described in [9], The statistical weight of the
mean single stacked doublet in [3] was then estimated from the Gibbs free en-
ergy of stacking, (AG®) by the Gibbs factor, s,, = —(AG®)/RT,,, where R is
the ideal gas constant. The consensus value of the cooperativity parameter, o=
4.5 x1075 was assumed [6]. The temperature dependence of €, was estimated
for the implementation in [3] using Eq. B A maximal extension efficiency per
encounter of roughly 3 x 1072 is predicted at 350 K. This predicted optimal T},
is in good agreement with the experimentally determined optimum of 353 K.

In addition to the parameters discussed above, an estimation of overall ef-
ficiency requires an estimate of v;. The estimate, v; ~ 6.70 x 10'° encoun-
ters/unit/s, was obtained by taking the ratio of the rate of nucleotide addition
defined to equal 1 unit of enzyme, and the mean number of bases added per
polymerase-DNA encounter. Based on the manufacturer’s estimate, a mean pro-
cessivity of 50 bases/encounter was assumed [11]. The present Markov chain
model of recursive extension, has been used to estimate the number of strands,
N, in [3] having undergone each of from 1 (r = 2) to 8 (r = 9) extensions, as a
function of thermal cycle. Results are illustrated in Fig. Pl(a). The implementa-
tion of the first extension by input PCR was modeled by assigning an efficiency
of unity for the first extension. As shown, the production of fractions of molecules
which have successfully undergone from 1 (r = 2) to 4 (r = 5) extensions is pre-
dicted during the first thermal cycle. The production of longer strands, however,
is delayed until the 11¢" cycle, when the appearance of 5-fold extended (r = 6)
molecules is predicted. The production of 6 to 8-fold extended (r > 6) molecules
is not predicted to occur during the course of the experiment. These predictions
are in agreement with the experimental behavior reported in [3], which reported
the production of strands with up to 5 extensions. This agreement between
model predictions and experimentally observed behavior lends strong support
to the theory that backhybridization was responsible for the premature failure
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observed in [3], and calls into question the success of the isothermal protocol in
eliminating problems stemming from backhybridization.

(a) (b)
14 — o 8
o
12 7
a
10 =B R
1z k]
: £ s
o r-a
o
o s Hoa
4 2,
res g
2 v 2
r=6 =
0 2 4 6 8 10 12 14 1 10 100 100 100 100 10
Thermal Cycle N (encounters/strand)

tot

Fig. 2. The Efficiency of WPCR. (a) The mean number of strands, N, pre-
dicted to undergo a total of from 1 extension (r = 2) to 5 extensions (r = 6),
as a function of thermal cycle, for the WPCR implementation in [3]. The total
strand number was roughly 1.2 x 1013, (b) Mean strand length, in terms of exten-
sion number, as a function of the total number of polymerase encounters/strand,
Ntot-

Continued application of a large number of thermal cycles must eventually
result in completion. However, this process is predicted to require unrealistic
reaction time. As shown in Fig.[2(b), the WPCR implementation in [3] (adjusted
to the optimal 7T,, = 350 K) is predicted to require ~ 5 x 10* polymerase
encounters/strand to exceed a mean efficiency of 2 extensions/strand. At the
estimated rate of 8.4 encounters/strand/5 minute round, this corresponds to a
total time of ~ 500 hours. Furthermore, 4.0 x 10° encounters/strand are required
to reach a mean of 7 encounters/strand (165 days). Mean completion is reached
at roughly 10° encounters/strand (1.1 years). The linear scaling of encounter
number predicted with N, (¢f., EqH) also indicates that an attempt to reduce
reaction time by using excess polymerase will encounter limited success. For
instance, if N,, = 54 units of polymerase are used (90.7 encounters/round), the
completion time for the 8-step path in [3] is reduced to 38 days.

3 PNA-mediated WPCR

3.1 Inhibiting Backhybridization

WPCR may be redesigned to enable the specific inhibition of backhybridized
structures by targeted PNA,/DNA triplex formation. The ability of peptide
nucleic acid strands (PNAs) to bind to complementary ssDNA with extremely
high affinity and sequence-specificity is well characterized [12]. For a pair of
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homopyrimidine PNA strands, binding to a complementary ssDNA target se-
quence occurs with stoichiometry 2 PNA:1 DNA, indicating the formation of a
PNA,/DNA triplex. Under appropriate reaction conditions, rapid, irreversible
formation of the triplex structure occurs, even if the target sequence is embed-
ded in a dsDNA duplex. This strand invasion results in the extrusion of the
target-complementary DNA strand, formating a “P-loop” [13].

The rule block structure of WPCR may be modified to enable directed triplex
formation. In particular, separation of each source/target codeword pair by the
sequence, T4CTyCTy results in the separation of state-encoding sequences in the
head region by AsGA>GA4, the target sequence of the highly efficient cationic
bis-PNA molecule reported in [I4]. This is shown in Fig.[3(a). Exposure of the re-
action mixture, after each polymerization round to a low [Nat], excess [bis-PNA]
wash then results in a high saturation of target sequences with bis-PNA (Fig. Bl
panel b). For the reported first-order rate constant of 2.33 min~—! at 1.0 uM
bis-PNA, 20 mM [Na™] [14], a fractional saturation of 0.999 is achieved within 3
min. Cytosine-bearing, cationic bis-PNAs of length 10 bases have been reported
to melt from complexed ssDNA at =~ 85° C (in 0.1 M [Na™]), with a very narrow
melting transition [15]. The maintenance of PNA;/DNA triplexes formed during
the bis-PNA wash, during subsequent polymerization can therefore be assured
by the selection of a polymerization temperature substantially less than 80° C.
In each round, the presence of a PNA;/DNA triplex immediately 5’ to the new
head region will not inhibit planned hybridization, due to the extreme compact-
ness of the P-loop. The stability of the extended backhybridized configuration
(shown in Fig. [ structure c1), however will be diminished due to the separation
of the duplex islands by a PNAy/DNA triplex. This modified protocol will be
referred to as PNA-mediated WPCR (PWPCR).

(a) (c)
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Fig. 3. PNA-mediated WPCR. [a] A “target” sequence, AoGA2GA, is pro-
duced between codewords during each extension. [b] Addition of bis-PNA re-
sults in the formation of a PNAy/DNA triplex at the target sequence. Triplex
represented by an oval in subsequent structures. [c] Accessible backhybridized
structures have decreased stability relative to those in WPCR.
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3.2 The Efficiency of PNA Mediated WPCR

The effect of the presence of the PNA5/DNA triplex on the stability of hybridized
structures, and on the per encounter polymerization extension efficiency may be
estimated by means of a statistical thermodynamic model. Due to the experi-
mentally reported compactness of the P-loop, the presence of a triplex region
immediately adjacent to the head sequence is assumed to have a negligible im-
pact on the ability of the head to hybridize with a complementary sequence in
the transition rule region. Each successful extension may facilitate the later for-
mation of three distinct backhybridized structures (see Fig.[B): (1) an extended
structure, composed of a pair length [ duplex islands punctuated by a P-loop
(structure C1), or (2,3) two shorter structures, each of which is generated by
formation of one of the duplex islands of the extended structure (structures C2,
C3). Like the planned configuration, backhybridized hairpins C2 and C3 each
have the form of a simple hairpin structure, with a statistical weight given by
K = 0Z;_1(n +1)"%5 where n is the terminal loop length of the particular
structure, as discussed in Sec. X1l Here, the longer (n!) and shorter (n}) of
the associated terminal loop lengths are related by n) = n} 4 101/3. The sta-
tistical weight of the extended backhybridized configuration, C1 has the form
Z; = Zpo?s?=2(1 4+ n})~15, where Z, is the post-triplex formation statistical
weight of the P-loop. As discussed earlier, given the use of a polymerization
temperature substantially less than 80° C, the presence of the triplex may be
assumed (statistical weight of 1). Z; then reduces to the statistical weight of
interaction between the P-loop components (i.e., the established triplex and the
extruded single strand). The P-loop’s distinctive eye structure [I3] suggests the
absence of stabilizing interactions between the extruded single-stranded target-
complementary strand and the PNAy/DNA triplex. Z, is therefore assumed to
be entirely entropic in origin, and is modeled as a Gaussian chain with excluded
volume. For a target region of length % l, the loop region is assigned a statisti-
cal weight of Z, = (2 + 41/3)~17. Taking the ratio of the statistical weight of
the expected configuration to that of all configurations, and assuming the mean
transition rule ordering, yields

ost1 [1(2r + 4q/3)]*5 !
(24 41/3)L7 ost—1 } ’ 5)

for the extension efficiency/polymerase-substrate encounter for a strand under-
going the 7" extension process, in the mean-path PWPCR implementation with
static characteristics [, ¢, and s. A comparison of expressions Bl and [l indicates
that the primary effect of targeted PNA3/DNA triplex formation on the per
encounter extension efficiency is the destabilization of the full length backhy-
bridized configuration by a factor of o.

€. ~ {1 +1.94r [2-&-

3.3 The Overall Extension Efficiency

The Markov chain model of extension used to discuss WPCR may also be ap-
plied to PWPCR. This procedure, however is complicated by the need to sep-
arate the PNA treatment from each extension process. In particular, the two
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processes may not be performed concurrently, because of the very low ionic
strength required for high efficiency PNAy/DNA triplex formation. As a result,
application of a Markov chain model requires the definition of an additional set
of intermediate states, and the use of a second transition matrix, to model the
formation of triplexes during each PNA treatment. A simpler stochastic model
of performance, however may be constructed by modeling the extension process
for each strand, during the polymerization period of each PWPCR cycle as a
single-step, all-or-none transition. This approximate treatment, which has the
advantage of yielding a closed form estimate of completion efficiency, is moti-
vated by the extremely low efficiency per polymerase encounter predicted for a
P-WPCR molecule which has been extended but not treated with bis-PNA, due
to the increased length of the non-PNA treated backhybridized structure.

Consider the observation of a ssDNA which has been successfully extended
in each of a total of of ¢ — 1 PWPCR cycles. The probability that all of the
N, polymerase encounters with this molecule that occur in the polymerization
period of cycle ¢ will result in extension failure is equal to (1 — €.)Ne. The
probability of successful extension is then estimated by, pesi(c) = 1—(1—¢,)Ne ~
N €. If (N._1) denotes the mean number of fully extended DNA strands present
in a WPCR mixture at the end of cycle ¢ — 1, then the mean number of fully
extended structures present after cycle ¢ can be written as (N.) = (N¢—1)pest(c).
This relationship may be applied ¢ — 1 times to yield the estimate,

(Ne) ~ N&' o
x(c) = N %T € (6)

=2

for the fraction of c-fold extended strands produced after cycle c. Here, the first
extension process for each strand in the first cycle has been assumed to proceed
with an efficiency of unity, due to the absense of backhybridization.

The impact of PNA, /DNA triplex formation on the overall efficiency of com-
putation may be illustrated by concrete application. For this purpose, the effi-
ciency of a PWPCR implementation of the 8-step computational path described
in [3], in terms of the log of the number of fully extended substrate molecules,
where (N.) = N,X'(c), was estimated using Egs. Bl and [, and is illustrated
in Fig. @(a). For consistency, a codeword set energetically equivalent to the set
presented in [3] was assumed. Buffer conditions and total polymerization time
were also assumed to be identical to [3]. A comparison of Fig.[2(a) and Fig. @(a)
indicates that the triplex-induced inhibition of backhybridization results in a
substantial increase in predicted overall efficiency of computation. If each ex-
tension is performed at the predicted optimal reaction temperature of 60° C,
roughly 1.3 x 10° of the initial 1.2 x 10' encoded strands are predicted to be
fully extended after the completion of all rounds.

3.4 The Parallelization of PWPCR

The ultimate aim of both WPCR and PWPCR is to effect the parallel, in vitro
simulation of a massive number of distinct paths. Consider the parallelization of
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a PWPCR implementation, in which the set of N, strands has been parsed into
P distinct species, each of which represents a different computational path, and
is present with equal copy number, Neop, = N,/P. The maximum parallelism
obtainable by this implementation is equal to P = N,/N,opy,. However, this is
practically obtained only when N, is sufficiently large to ensure the full exten-
sion of at least one copy per path. Given the absence of bimolecular interaction,
it is straightforward to demostrate that the threshold of completion for a parallel
PWPCR implementation is reached when Ncopy is chosen such that,

(1= X ()Mo = 222, ™

For the 8-step PWPCR implementation under discussion, N, = 1.2 x 103 and
X' (8) = 1.1 x 10~%. According to Eq.[d, maximum parallelism for this implemen-
tation is achieved when N,y & 1.6 x 10°. This copy number yields a maximum
parallelism of P ~ 7.5x 107, which corresponds to the implementation of roughly

Nops = qP = 1.5x 10° distinct computational operations. A substantial improve-
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Fig.4. The Efficiency of PWPCR (a) An estimate of the number of c¢-
fold extended strands, (N.) as a function of T,,, ¢ PWPCR cycles, for the
mean implementation of an 8 step computational path. (b) The contours which
define the line of failure, 10% efficiency, and 50% efficiency after all ¢ cycles
((N,) = 1.0, 1.2 x 10'2, and 6.0 x 10'2, respectively), vs. N, and ¢, for PWPCR
implementations of length ¢ = 2 — 65 rules. Accompanying surface and z-axis
omitted for clarity.

ment may be obtained by modest modification of the protocol. Fig. Hillustrates
the contours which are predicted to define the lines of 0%, 10%, and 50% comple-
tion efficiency per strand for PWPCR implementations of length ¢ = 2—65, as a
function of N, and g. The use of a codeword set energetically equivalent to that
in [3] was assumed. Under this protocol, the application of a realistic set of ex-
tension reaction conditions (N, = 54 units, At, = 30 min, yielding N, ~ 542.7)
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allows the implementation of computational paths of length ¢ = 20, with a per
strand efficiency at completion of X¥'(20) ~ 0.5. According to Eq. [l the maxi-
mum parallelism under these conditions, P = 3.1 x 10" paths, is achieved when
Neopy =~ 40 copies per path. This corresponds to the implementation of Ngps ~
6.2 x 10'2 distinct operations.

4 Conclusion

In this work, the impact of backhybridization on WPCR efficiency was investi-
gated by modeling the extension of each hairpin as an independent Markov chain,
and estimating the associated state transition probabilities using the statistical
thermodynamic theory of DNA melting. This model was shown to predict that
the poor performance of WPCR observed in [3] was due to backhybridization.
This is significant, because in [3], it was maintained that problems due to back-
hybridization had been overcome by the applied thermal program, and that the
observed poor performance was due to other factors. The scaling behavior of the
model also predicts that mean completion times are sufficiently long to render
WPCR impractical for massive parallelism. In an effort to enhance computa-
tional efficiency by reducing the impact of backhybridization, a modified archi-
tecture, PWPCR was then introduced, which enables the specific inhibition of
backhybridized structures through targeted PNAs/DNA triplex formation. Ap-
plication of this protocol is predicted to result in an efficiency increase which is
sufficient to allow the realistic implementation of massive parallelism.
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Abstract. Biomolecular computing (BMC) aims to capture the innu-
merable advantages that biological molecules have gained in the course
of millions of years for computational purposes. While biomolecules have
resolved fundamental problems as a parallel computer system that we are
just beginning to decipher, BMC still suffers from our inability to harness
these properties to bring biomolecular computations to levels of reliabil-
ity, efficiency and scalability that are now taken for granted with solid-
state based computers. In the same way that evolutionary algorithms
capture, in silico, the key properties of natural evolution, we explore an
alternative approach to exploiting these properties by building virtual
test tubes in electronics that would capture the best of both worlds.
We describe a distributed implementation of a virtual tube, EdnaCo , on
a cluster of PCs that aims to capture the massive asynchronous paral-
lelism of BMC. We report several experimental results, such as solutions
to the Hamiltonian Path problem (uPP ) for large families of graphs than
has been possible on a single processor or has been actually carried out
in wet labs. The results show that the paradigm of molecular computing
can be implemented much more efficiently (in terms of time, cost, and
probability of success) in silico than the corresponding wet experiments,
at least in the range where eDNA can be practically run. Consequently,
we pinpoint the appropriate range of problem sizes and properties where
wet biomolecular solutions would offer superior solutions.

1 Introduction

Biomolecular computing (BMC) is now a fairly known field in computer science
and biology. Like genetic algorithms a few decades earlier, it aims to capture the
advantages that biological molecules (DNA, RNA and the like) have gained in
the course of millions of years of evolution to perform computation out of reach
through conventional electronic computers. Several conferences [22l2314J2/5] have
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established the potential of the field to achieve some of this goal, either through
new experimental biomolecular protocols using state-of-the-art biotechnology, or
through theoretical results, such as universality and complexity [26], comparing
it with the standard computational models such as Turing machines.

It is becoming increasingly clear, however, that the realization of this poten-
tial cannot be achieved without addressing the fact that biomolecular protocols
in use are relatively unreliable, inefficient, unscalable, and expensive compared
to conventional computing standards. Current efforts in the field aim at over-
coming these problems by tapping on a number of properties that biomolecules
must exercise to accomplish their evolved goal in natural organisms [6I16]. A
good example of such is in vivo molecular computing [6], where the protocols
are transferred from test tubes to living organisms. While this strategy may
produce very interesting results, it presents some shortcomings. For example,
our understanding of the information processing ability of biomolecules will not
increase substantially, just as cloning an organism does not shed any scientific un-
derstanding of the complexity of morphogenesis from a biological point of view.
The critical issues of reliability, efficiency and scalability remain unanswered for
computation in vitro.

Biological phenomena have inspired a number of other computational method-
ologies. A recent example is genetic algorithms and evolutionary computation,
inspired by natural selection. They attempt to capture in-silico the fundamental
features of cross-over and mutation present in natural organisms to help program
computers with a good deal of success and without losing basic advantages of
electronic computing. An alternative approach to shed light on biomolecular
computations is thus to introduce an analog of biomolecules and their interac-
tions in electronics that capture their biological counterparts. Preliminary at-
tempts have used evolutionary algorithms to find good encodings [S[I7128/14],
abstract bases [13] to gauge the reliability of BMC protocols, numerical simula-
tion of reactions [I5JT3], and electronic DNA [IT[12] to estimate the performance
of a BMC protocol before it actually unfolds in the tube. These analogs can serve
at least three related but rather different purposes. First, they can be used as
a cost-effective tool to pre-process and gauge computational protocols before
they are carried out in test tubes. Second, because electronics allows better pro-
grammability and control, they allow more controlled experimentation than is
possible in wet tubes, with an increased yield in experimental payoffs. Third,
like evolutionary algorithms, the biomolecular analogy may become useful as a
computational methodology in its own right, if adapted and exploited for com-
putational purposes in conventional computing, perhaps independently of how
un/faithfully it may capture the biological processes themselves.

In this paper we explore the concept of virtual test tubes as a general tech-
nique to address these three goals, although we focus on the third and partially
the second. Previously, we have introduced the notion of a virtual test tube [11]
and reported preliminary results on a small-scale proof-of-concept, called Edna,
that runs on a single processor [12]. These results indicated that, properly scaled,
a virtual test tube might effectively solve problems by manipulating electronic
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analogs of DNA molecules in-silico. We have thus scaled this concept up to a
virtual test tube in a distributed environment running on a cluster of PCs. We
report several experimental results on solutions of the Hamiltonian Path prob-
lem and word set quality criteria for molecular computing. We show that an
electronic version of DNA (eDNA) is indeed capable of executing in practice
Adleman’s experiment in silico for large families of graphs, including graphs of
larger size than was possible on Ednaor has been actually carried out in wet
labs. We also give further experimental evidence of the soundness of proposed
encoding strategies for biomolecular computation. The results show that, within
the limits of parallelism attainable on a distributed environment, virtual test
tubes can not only capture many phenomena present in real biomolecules, but
also permit much higher reliability and efficiency than has been possible with a
comparable number of actual biomolecules.

The layout of the paper is as follows. In section Blwe discuss virtual test tubes.
In section [Bl we present some results that allow us to estimate the reliability of
biomolecular computations in silico. We argue that this is an upper bound on
the reliability of biomolecular computation in-vitro, at least for a relatively large
range of problem size. Finally, in section @] we discuss some conclusions of these
results. A point of debate are the properties of DNA that cannot be attained in
eDNA, and more specifically, whether virtual test tubes can compete, in actual
experiments, with the computational scales that can be realistically tackled in
the wet lab.

2 Virtual Test Tubes

As mentioned above, several approaches have been used to attempt to under-
stand the basic advantages of molecules for computation, including a high-level
model of molecular reactions inspired in biochemical reaction models [I5/13].
Molecules are represented by concentrations and their interactions are modeled
by differential equations reflecting the kinetics of the reactions. The model con-
sists in solving the equations (usually a numerical solution) and thus predicting
the concentration of potential solution molecules. Here we focus on a fairly dif-
ferent type of model. A wvirtual test tube is any model of biomolecular reactions
in electronic media that captures fairly closely the environment and kinetics of
the molecular interactions, while making minimal assumptions about the global
behavior of molecular populations. It can be a simulation in software, or a com-
puter chip that serves as a container for the same purpose. We will thus assume
a strong form of the Church-Turing Thesis, barring the existence of elemental
computational steps achievable only through nucleic acids in vivo. That is, we
will assume that the competitive advantage of biomolecules resides exclusively
in their massive parallelism that could be, in principle, achieved on conventional
media (solid-state electronics). We will restrict our attention to conventional
solid-state devices, simply because they have matured to satisfactory levels of
reliability and implementation.
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On these assumptions, what are then the fundamental advantages of biomol-
ecules to be captured in a virtual test tube? Some natural candidates emerge
when comparing the behavior of a biomolecular ensemble in a test tube to a
parallel computer. The type of computation is asynchronous, massively parallel
and determined by both local and global properties of the processor molecules.
Biomolecules seem to have solved very efficiently key problems such as commu-
nication, load balancing, and decentralized control. This seems to be achieved
through highly localized base-to-base interactions, template matching, and en-
zymatic reactions, mediated by randomized motion in both transport and reac-
tions. These characteristics are reminiscent of cellular automata, although their
sites are rather asynchronous, randomized, and not localized in space but in mo-
bile molecules. The unfolding of molecular computations is also reminiscent of
genetic algorithms driven by a natural fitness function defined by the Gibbs free-
energy of hybridization. It is therefore not surprising that molecular computing
faces a common basic problem with cellular automata, namely, a programming
methodology that would unleash their power to solve problems now considered
too difficult for conventional machines [25]. This line of reasoning suggests that
an appropriate analog may thus capture some of these properties in a suitable
electronic computational medium.

2.1 Edna’s Architecture

We have introduced the concept of a virtual test tube in [II]. The architecture of
a small prototype, Edna, has been described in detail in [I2]. In short, Ednais a
piece of software that simulates the reactions that might actually happen in a test
tube as closely as possible. The tube consists of a regular array of cells similar to
the space of a cellular automaton [9]. The cells represent quanta of 2D or 3D space
that may be empty or occupied by nucleotides, molecules, or other reactants.
Each cell can also be characterized by associated parameters that render the tube
conditions in a realistic way, such as temperature, salinity, covalent bonds, etc.
DNA nucleotides are represented by states of the nodes where they are located.
They move randomly from node to node in an attempt to capture the random,
brownian motion present in wet test tubes, although flow simulations of aqueous
solutions are possible but have not been implemented since eDNA may be just
as effective with the simpler model. Longer DNA molecules are represented by
linked lists. In order to preserve their structural integrity as they move in the
tube, the header the list makes its random moves and the remaining nucleotides
must follow. The molecular interactions are governed by local rules in order
to reflect closely the kinetics in wet tubes. When two nucleotides belonging to
two different strands come in close physical proximity, the local rule determines
whether the strands should hybridize or not. If so, a new duplex is formed in
the most stable energetic frame-shift possible and placed anew in the tube. This
frameshift is purely determined by well established facts about the kinetics of
DNA hybridization based on the Gibbs free energy [27]. Currently, two models
of hybridization are implemented, based on the well-known nearest-neighbor and
staggered ziper models [324]. If the stacking energy of the best hybrid is below
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the threshold, (as determined by the user), a new duplex is created and placed
at random free location in the tube; otherwise, hybridization does not take place
and the single strands are simply allowed to continue on their random motion.
Copies of the original strands may or may not be programmed to remain in the
tube (more below). Other rules of interaction can be easily substituted, such as a
more combinatorial H-distance [I1], or perhaps stochastic rules based on melting
temperatures [27]. The cellular space can also be set up to boundary conditions
that reflect tube walls. Ednahas an ergonomic interface to choose among these
local rules for hybridization, to place and remove strands in the tube, and in
general, to set up the various reactions conditions in the desired combination.
The programming of the tube stops here, however. Once the tube contents
is initialized with a population of strands, reactions unfold thereafter, unpro-
grammed. The interaction of the molecules and their random wanderings in the
tube is compounded over space and time, in their multiple attempts and even-
tual success or failure at hybridizing into double stranded molecules. Eventually,
the virtual tube will come to equilibrium under the local rule of interaction
specified, showing a possible outcome of the experiment. Edna thus serves as a
virtual test tube where full chains of complex interactions of electronic struc-
tures (eDNA) emerge, although admittedly probably not at the same scale of
realism of wet tubes. Since the interactions reflect so closely well known kinetics
of the hybridization process, it is reasonable to expect that this type of model
bears a significant resemblance to the analogous experiment if implemented in a
wet tube. This expectation has been confirmed by the preliminary experimental
results in [12] and by further results discussed below. Virtual tubes, on the other
hand, offer several advantages of their own. First, Edna already shows evidence
that electronics can capture key properties of biomolecules while keeping obvious
advantages of electronics. Important facts are ready programmability, robust-
ness, and a higher degree of reliability and control. Also, once programmed, the
cost of a run in very low compared to wet tube runs. One can now easily play the
what-if game. Once can try various hybridization rules, under various tempera-
tures and reaction conditions and for a variety of purposes, as illustrated below.
The major disadvantage, namely the relatively limited scalability compared to
wet tubes, can be addressed to a large extent, as discussed in Section [4 below.

2.2 EdnaCo’s Architecture

EdnaCois a distributed implementation of a scaled-up version of Ednain a dis-
tributed computing environment. The computational framework of EdnaCois a
complex of interacting data structures distributed over several processing nodes
which are joined, transparently to the user, in order to produce a single test tube
in each run. The entire tube is distributed over a cluster of processors (currently
up to 8) in such a way that each local processor holds an entire tube segment.
A segment is itself a copy of Edna, so that one can check the contents of the
tube and manage deletions (when a strand leaves the local tube segment) and
additions (incoming strands, strand additions at the outset of the simulation,
and hybridization events). No nucleotide or strand is split between two different
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nodes, but their brownian motion may include migration to a any other different
node. The migration strategy is programmable. If a strand tries to leave a node,
it is sent via message passing to an “adjacent” process, and randomly placed
in that tube segment. The tube segments are conceptually strung together to
produce a coherent tube structure. This is crucial to the overall functioning of
EdnaCosince partial solution strands must be able to potentially hybridize with
all other strands, many of which may reside outside the local node. The com-
puter interface of EdnaCois for now a primitive two dimensional boolean (text)
array. The columns indicate strand length. Each row is a time slice consisting of
a “gel” that summarizes the tube content by strand length and multiplicity. The
content of EdnaCo, at any given time, can actually be saved if a more realistic
visualization on Ednaof the entire distributed test tube is desired.

3 Experimental Results

Now we present a summary of the numerous experimental runs obtained by
implementing several biological protocols in EdnaCo. Ednahas been protoyped
on Adleman’s solution [1] of HPP , the Hamiltonian Path Problem. The molecules
represent graph vertices and edges, and the hybridization logic carries the brunt
of the computational process to produce longer molecules representing paths in
the graph. Once the chemistry reaches equilibrium, it is a matter of searching
the products of the reaction to determine whether a molecule exists representing
the witness Hamiltonian path. Adaptions for other problems are readily made
and experiments for other problems (such as MAX-CLIQUE) are being conducted
that will be reported elsewhere.

3.1 Scaling Up Adleman’s Experiment

The first run was to reproduce and scale up the original experiment performed
by Adleman in a wet tube with real DNA molecules [1]. On EdnaCo, we were
able to systematically reproduce Adleman’s result with electronic versions of his
original vertex encodings (or word sets) and several other encodings that were
deemed good acoording to two proposed measures, the computational incoher-
ence and the H-distance, described below. We easily succeded with very sparse
graphs (such as paths and cyclic graphs). EdnaCo established (non)Hamiltonicity
without a problem with a 100% reliability for cycles up to 20 vertices. The result
appeared perfectly scalable to any cycle size.

Next, we scaled up the number of edges in the problem instance in order
to run in silico an experiment that no one in the literature has reported, in
order to test, in the small range allowed by the small cluster (8 processors),
the potentially enormous scalability of Adleman’s approach that makes DNA-
based computing so fascinating. We were successful in scaling the results sys-
tematically on EdnaCoup to about 15 vertices on sparse graphs (up to about
25 edges). A sample of the results is shown in Table [l(right) for graphs with
5 vertices. The “mode” refers to the type of hybridization rule (E = nearest
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neighbor model - threshold in Gibbs free energy; H = H-distance mode - thresh-
old in H-distance). “Path” refers to the witness path actually formed. Numbers
in ()’s indicate an edge to or from the vertex number indicated, but no vertex
encoding on the hybrid. “C” refers to a cyclic graph, “K” refers to a complete
graph and “G” refers to the graph with 5 vertices 0,1,2,3,4,5 and directed
edges 0 — 1,0 — 3,1 — 2,1 — 4,2 — 3,3 — 2 and 3 — 4. For graphs with
more edges, numerous partial paths were produced that swamped the tube, but
EdnaCo failed to show the formation of a Hamiltonian path. We are currently
refining the implementation of a method of subtractive hybridization so that
paths are more systematically groomed to prevent false negative partial paths
from swamping the tube, by one of several proposed strategies [22]. Despite sev-
eral attempts to solve instances of sparse graphs of size 50 vertices, we have been
so far unable to report success on the current cluster (where the maximum run
can only last 36 hours), but optimizing the efficiency of the eDNA makes it only
a matter of time. For example, we have implemented a genetic algorithm in the
hybridization rule that prunes molecules with low fitness (such as those revis-
iting a previous vertex); we are also optimizing the concentration of individual
eDNAs with respect to tube size. Too many molecules hinder brownian motion;
too few also prevent the molecules from finding each other and the appropriate
reactions from taking place. A ratio 1 : 2 of occupied to free cells in the tube
seems to be an appropriate ratio. We can maintain a constant concentration or a
variable regime of individual molecules, as the reactions progress and the prob-
lems demands. We believe these techniques will be sufficient to close the gap.
Based on this data, we estimate that the probability of success of an HPP run
is about 15/16 = 94%. Computational with more runs show similar figures. We
estimate that, on larger state-of-the-art clusters running the same implementa-
tion of EdnaCo, we will realistically solve random instances of sparse graphs with
over 200 vertices with a comparable degree of reliability and within reasonable
times. Note that the sparse region of HPP is the range of interest since sufficiently
dense graphs are guaranteed to be Hamiltonian by any of well known sufficient
conditions (say Dirac’s test on the number of edges).

3.2 Evaluation of CI Encodings

The experiments also permit an analysis of the encoding used in the experi-
ments. A systematic comparison of encoding quality similar to that reported in
[[2] for a graph with 5 vertices was done with larger families of graphs. The
first measure for encoding goodness tested was the computational incoherence,
&, based on statistical mechanics (see [21] for a precise definition). The measure
is based on the average probability, at equilibrium, that a randomly observed
hybridization within the annealed mixture is in an error configuration with re-
spect to the computation. Using a standard genetic algorithm with —log;q¢
as the applied measure of fitness, sets of DNA words of different lengths were
evolved for a Hamiltonian Path problem. Use of this fitness produced encodings
with various (small, medium, large) average probability of error. The values of
¢ for the different combinations produced is shown in Table [(left). The specific
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|Encoding | Path found Run Time
|Quality |Length|§ | 28¢1/E/C 0>1>2>3>14 55 mln
Good & o231 x 107 28g2/E/C 0>1>2>3>4 11 min.
Medium & 121856 x 10-* 28gl/H/C 0>1>2>3>14 50 min.
Bad & 12110 28g2/H/C 0>1>2>3>4 11 min.
Good € 50115 x 10~ 28g1/E/K cyclic 29 min.
Medium ¢ 20l1.24 x 10-6 28g2/E/K|(4) >1>2>4>3> (4)]22 min.
Bad ¢ 20l1.0 28g1/H/K|(3) >0>4>1>2> (4)|82 min.
oo E ST oo [2882/H/K|(4) >3>1>4> 0> (3)|26 min.
Medium ¢ 28l6.03 x 106 28¢1/E/G 0>1>2>3>14 <4 yrs.
Bad & 28l1.0 28g2/E/G 0>1>2>3>14 41 min.
: 28¢g1/H/G 0>1>2>3>4 < 4 hrs.
28g2/H/G cyclic 42 min.

Table 1. Encoding quality by CI fitness and EdnaCo solution to HPP on 5 vertices.

encodings are not shown due to space limitations. These encodings were used
for both virtual tube simulations of ¢ as a measure of encoding goodness using
the nearest neighbor model’s free energies and the H-metric (discussed below)
as hybridization rules. The results are shown in Table [2]

In the EdnaCoruns on the CI encoding sets, long molecules generally formed
faster with the free-energy hybridization rule than the H-metric rule. With the
energy condition, the good encodings for all lengths produced Hamiltonian paths.
This occurred probably fairly quickly from the start of the run, which lasted 4
hours (in the current setup, we have no way to time more precisely). Very few
error hybridizations were observed. The medium quality encodings primarily
produced molecules that were in the proper hybridization frame, although not
long enough. More mishybridizations, however, were observed with the medium
than with the good quality encodings, and it is unlikely that longer runs might
have produced a Hamiltonian path. The bad quality encodings produced many
mishybridizations, and very few hybridizations in the proper frame. After a four
(4) hour simulation, it was evident from the molecules formed that no Hamil-
tonian path was possible. With the H-metric hybridization condition, the CI
encodings did much worse. No Hamiltonian paths were formed for any of the en-
codings. Most of the oligonucleotides hybridized in improper frames. In addition,
for hybridization thresholds less than half the encoding length, no hybridizations
formed. Once a threshold equal to half the length was reached, hybridization oc-
curred quickly, but in error modes.

3.3 Evaluation of H-metric Encodings

A more computational measure of hybridization likelihood, the H-distance, has
been introduced in [I0]. Hamming distance between DNA strands is defined as
the difference between the number of WC matching pairs from the shorter length
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|Coding|H-rule|Thr.|Space|HP|Hrsl| |Coding|H-rule|Thr.|Space|HP|Hrsl|
Cll2g E 4|40%40| Y 4 Hi2g E 4140*40| Y 4
Cll2g H 6|40%40| N 4 Hi2g H 4140*40| Y 4
Cli2m| E 4(40%40| N 4 Hi12m E 4140*40| N 4
Cli2m| H 6|40%40| N 4 H12m H 4140*40| N 4
CI12b E 4|40%40| N 4 H12b E 1|40*40| N 4
CI12b H 6|40%40| N 4 H12b H 1{40*40| N 4
CI20g E 4150501 Y | 12 H20g E 4|50*50| Y | 12
CI20g H 10({50%50| N 12 H20g H 4|50*50| Y 12
CI20m| E 415050 N | 12 H20m E 4|50*50| N | 12
CI20m| H 10|50«50| N | 12 H20m H 4|50*50| N | 12
CI20b E 4(50%50| N | 12 H20b E 4|50*50| N | 12
CI20b H 10|50«50| N | 12 H20b H 4|50*50| N | 12
CI28g E 4|60%x60| Y | 36 H28g E 4|60*60| N | 36
CI28g H 14|60%60| N | 36 H28g H 4/60*60| N | 36
CI28m| E 4/60%60| N | 36 H28m E 4/60*60| N | 36
CI28m| H 14|60«x60| N | 36 H28m H 4|60%60| N | 36
CI28b E 4/60%60| N | 36 H28b E 4/60*60| N | 36
CI28b H 14|60%60| N | 36 H28b H 4/60*60| N | 36

Table 2. EdnaCoruns on CI- and H-encoding sets with nearest neighbor rules.

of lined up strands, but it is not appropriate enough since it ignores likely frame-
shifts in the tube. The H-distance between two oligos x and y is defined as the
minimum of all Hamming distances obtained by successively shifting and lining
up y and its WC-complement against z. A small H-distance indicates that the
two oligos are likely to stick to each other one way or another; a large measure
indicates that under whatever physico-chemical conditions y finds itself in the
proximity of x, they are far from containing many WC complementary pairs (let
alone segments), and are therefore less likely to hybridize. In other words, they
are more likely to avoid an unwanted hybridization. The maximum length of
these segments is controlled by a threshold parameter 7, that is a fairly coarse
expression of the reaction conditions.

We ran a similar test of encodings evolved using the H-metric as fitness
function (see [I0] for a precise definition). The results are also shown in Table
The encodings were evolved used EdnaCo’s on-line genetic facility as well. The
results were similar to those obtained for the Cl-based word sets. In case no
Hamiltonian path was obtained, the time indicates how long they were run before
giving up. As expected again, the good encoding produced the desired path fairly
quickly regardles of the hybridization rule used, while bad encoding produced
no results. In summary, the results also show a fairly high correlation between
the two criteria for encoding quality. A more careful quantitative comparison is
underway and will be reported elsewhere.
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4 Conclusions

We have discussed the concept of a virtual test tube and its extension to a
distributed version, EdnaCo, that approaches more closely reaction conditions
in a wet tube. We have also reproduced and extended in silico a number of
experiments, some of which have been previously performed in wet tubes. The
results show strong evidence that electronic DNA (eDNA) is capable of running
instances for fairly large instances of HPP in practice and with a high probability
of success. We have also used the distributed test tube to run comparisons of
two encoding strategies with experimental data. No substantial difference in
performance could be discerned between the two criteria in the runs on EdnaCo.
Our results give experimental evidence of the quality of previously proposed
encoding strategies that have been devised based on theoretical analyses.

On a larger scale, several advantages to virtual test tubes emerge. First, it is
clear from their design and comparison of our experimental results, that the out-
comes of the virtual test tube bear a very significant resemblance to the outcomes
of analogous experiments in a wet tube. Second, it is equally clear that the sav-
ings in cost and perhaps even time, at least in the range of feasibility of eDNA,
are enormous compared to the equivalent biochemical protocols to solve the
same instances, most of which, to our knowledge, no one has attempted. Third,
eDNA inherits the customary efficiency, reliability and control now standard in
electronic computing, hitherto only dreamed of in wet tube computations. The
physics and chemistry is now much more programmable, perhaps at the expense
of biochemical realism, but at a level that would be desirable, if it was possible
with actual molecules and achievable with virtual molecules.

We are thus led once again to the fundamental question. What are the true
advantages of biomolecules such as DNA for computation? It might appear at
first sight that virtual tubes lack critical advantages, say because eDNA may
never be able to achieve the same degree of massive parallelism or physical
realism of wet DNA. Upon reflection, this question must remain open for several
reasons. First, real molecules may be packed in picomols to a micrometer, but
it also takes thousands, perhaps millions, of them to be successful enough in a
reaction to be witnessed in a gel, whereas just one success suffices in a virtual
test tube. Assuming that one can effectively use every bit in the 1Gb RAM
of a PC as a nucleotide (not unreasonable), a virtual test tube idly running
EdnaCoon a 1000-node cluster overnight seems in hindsight as powerful, and
perhaps more realistic, an approach than a picomol of molecules for solving a
1000 vertex instance of HPP, a challenge to current biotechnology. Second, the
problems of scalability posed by conventional electronics itself may be solved by
finding different physical implementations of electronic DNA. For example, it
is now conceivable from the results in this paper that the duality exhibited by
many fundamental particles in the physical universe (e.g., muons and gluons at
the quantum level) may afford interesting computational media in the form of
some sort of quantum molecular computer.

Finally, our simulations suggest that massive parallelism is not the only true
source of power in biomolecular computations. Two more candidates emerge,
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randomness and bounded resources. With hindsight, this is not surprising. Ran-
domness appears to be a generating force in biological evolution and develop-
ment. In biomolecular-based computations, randomness in the reactions is in-
herent. Also inherent is the bounded volume in which the reactions must take
place. As is already evident in artificial neural networks and limited individual
life spans in genetic algorithms and natural selection, bounded resources force
devices to improve efficiency. This appears to be the case in biomolecular com-
putation as well. In that sense, biomolecules seem unbeatable by electronics in
their ability to pack enormous amounts of information in tiny regions of space
and to perform their computations with very high thermodynamical efficiency.
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Abstract. Sequence design is the important factor which governs the
reaction of DNA. In related researches, the method to minimize (or
maxmize) the evaluation function based on knowledge of sequence de-
sign has been used. In this paper, we develop support system for sequence
design in DNA computing, which minimizes the evaluation function cal-
culated as the linear sum of the plural evaluation terms. Our system
not only searches for good sequences but also presents contribution ratio
of each evaluation term to the evaluation function and can reduce the
number of combination of evaluation terms by reduction of the evalua-
tion function. It helps us to find a good criteria for sequence design in
DNA computing.

1 Introduction

Currently, DNA computing is expected to be applied to various fields of study,
massive parallel computing, nanotechnology, genome informatics, and so on.
However the realizations of these applications are influenced by the reliability
to control the reaction of DNA. In particular, since the first stages of the study
of DNA computing, the importance to design good sequences has been pointed
out. Indeed knowledge of sequence design is obtained experientially, however
the guide for the design of sequences is unknown. When we try to utilize the
knowledge acquired empirically, it is effective approach to minimize evaluation
function, which consists of the plural evaluation terms satisfying constraints
based on knowledge of sequence design.

Garzon et al. proposed the function, which is called H-measure [2]. This func-
tion calculates the minimum value of hamming distance between a DNA strand
and a complementary DNA strand. H-measure is well known as an evaluation
term which two DNA strands hybridize or not. He demonstrates that solving the
optimization problem of sequence design is a NP-hard problem itself. Therefore

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 129-I37] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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this approach needs probabilistic search method (e.g. genetic algorithm). Deaton
et al. also considered hamming distance as criteria of mishybridization [3]. He
demonstrated the validity of it by a chemical experiment though it was the case
where they did not consider the shift of DNA strand. Arita et al. considered
evaluation function as the sum of some evaluation terms [I]. They proposed
two different sequence generators. One is genetic algorithm, the other is random
generate-and-test algorithm.

In sequence design, many constraints which should be satisfied exist, and the
function which satisfies each constraint can be made innumerably. Additionally,
because in case n evaluation items exist, the number of all combination is 27,
so it is laborious to find the optimum combination set out of many evaluation
terms. Therefore in combining plural evaluation terms, we must consider the
effectiveness of each evaluation item to the evaluation function because if we
can find the evaluation term with low effectiveness, it is possible to reduce the
number of combination of evaluation terms by deleting it.

In this paper, we introduce the contribution ratio as an index of such effective-
ness and propose reduction of evaluation function as the calculation technique
which eliminates the evaluation term with low contribution ratio from evaluation
function.

2 Support System for Sequence Design

In this section, we propose a support system for sequence design. This system
optimizes evaluation function which is calculated as the linear sum of the plural
evaluation terms with weights by SA. However, we do not know an evaluation
term to measure the goodness of sequences appropriately. Therefore it is neces-
sary to integrate the evaluation terms by trial and error. In our system, users
can integrate the evaluation terms by selecting them from the set of evaluation
terms provided by the system and add the new evaluation terms proposed by
users. The system provides the following evaluation terms for users.

2.1 Evaluation Terms
In the following discussion, suppose z;(1 < i < m) be DNA sequence. And

suppose m and n be the number and the length of DNA sequence x; respectively.

H-measure Garzon et al. proposed the H-measure as follows [2].

i@ = min  H(z;, 0" (5 1
fesys] = _min (e, 0t (T5) 1)
where H (%, ) denotes the Hamming distance, o* denotes the right (left) shift
in case of k > 0 (k < 0), k denotes the number of the shift, and ¥ denotes the
Watson-Crick complementary pair.
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Here, since we formulate the evaluation function as a minimization problem,
we use the following evaluation term based on H-measure.

= - H i3 (T; 2
i = mas max n— Hla, (7)) ©)

Self-complementary This is the case where ¢ = j in formula[2 .

fself = nax max {n - H(Ilv Uk(z_l))} (3)
i —n<k<n
The reason why we distinguish between above two evaluation terms is that
because of spatial nearness DNA sequence hybridizes itself frequently. Therefore,
this evaluation term also means the frequency of secondary structure.

GC Content It is important to arrange the GC content for keeping the chemical
character uniform. Thus we adopt the following evaluation term proposed by
Arita et al. [I].

fGC = Z(GO(Z) - C;’C('z(j‘ls)eT_defined)2 (4)
i=1
where GC&?@T_defmed is the target value of GC content of DNA sequence z;

which user can set to the value with the range [0,100].

Similarity It is better for mutual sequences not to have a common portion,
since sequences will mishybridize frequently if the base of sequences is similar
too well. Thus we propose the following evaluation term.

im = — H(wi, 0" (z; 5
fsim = max  max {n—H(z;,0"(z;))} ()

Continuity If the same base appears continuously, a reaction is not well con-
trollable since the structure of DNA will become unstable. Thus we propose the
following evaluation term.

foon =33 (G- 1N (6)
i=1 j=1

where N ]@ denotes the number of times to which the same base appears j-times
continuously in DNA sequence z;.
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Tm Melting temperature is important factor for efficiency of the reaction of
DNA. So we propose the following evaluation term for uniform melting temper-
ature.

m

me = Z(Tm(l) - Tmszer_defined)Q (7)
i=1
where qu(js)er_defmed is the target value of Tm of DNA sequence z; which
user can set to the value with the range [0,100].
We calculate melting temperature by using the approximate expression
known as Nearest Neighbor method [].

Completely Complementary at 3’-end If there exist the point where some
bases at 3’-end of each DNA sequence is completely complementary, the unex-
pected extension would occur. So we propose the following evaluation term for
preventing unexpected extension.

f3end = Z Z CN(.’L‘“ xgk)) (8)

i=1 j=i

where CN (xi,x;k)) is the number of completely complementary site between
sequence z; and k-base sequence from 3’-end of sequence x;. k is defined by
users.

Evaluation Function Users must weight each evaluation term depending on
its level of importance. Thus we get the evaluation function as follows.

F = szfz 9)
i=1

where n is the number of evaluation terms, f; is each evaluation term chosen by
users (e.g. fm), and w; is the weight of each evaluation term.

2.2 Composition of a System

This system consists of two modules. One is the reduction module of evaluation
function. This module reduces evaluation function (i.e. delete the evaluation
term which seems to be irrelevant and distribute the weight of the deleted evalu-
ation term to other evaluation terms). The other is the sequence-search module.
This module searches for good sequences according to the evaluation function
obtained by reduction.
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Reduction Module of Evaluation Function The purpose of this module is
to show the user the contribution ratio and reduce the number of combination
of evaluation terms by reduction of evaluation function in case the contribution
ratio of the evaluation term is low. The procedure of this module is as follows:

1. User inputs the evaluation terms f; (i = 1,2,--- ,n) and their weights w;
into the system. The system arrays the evaluation terms in descending order
of the weights.

2. The system generates the sample sequences, randomly. In this paper, the
number of sample sequences is denoted as k=1000. The term value z;; (j =
1,2,--- ,k) of each evaluation term f; is calculated from these sequences.
These evaluation terms, weights and n sets of k term values are shown in
Table[I]

3. The system calculates the average p; and the standard deviation o; of the
term value x;; in each evaluation term.

== wy (10)

7j=1

g; =

k
Z Tij — ) (11)

— P?‘I*-‘
wIH

4. The system calculates the normalized value X;; of the term value z;; by the
average p; and the standard deviation o;.

X, = Lij — Hi (12)

g

5. The system calculates the orthogonalized value z;; of the normalized value
X;; by Schmit’s orthogonalization.

i—1

2ij = Xij — Z bii 215 (13)
=1

Table 1. Evaluation terms

evaluation term|weight term value
f1 w1 | T11,ZT12," Tk
fo w2 |T21,T22, ", T2k
fn Wn, Tnly; Tn2,"** y Tnk

w1 > w2 = 2> Wp
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Where,
1 F
ba = A7 z:: Xijzij (14)
1 F
- Z (15)
Generally, it is wasteful to take the evaluation term with the high correlation

with other terms into consideration. The correlation can be eliminated by
Schmit’s orthogonalization. If the correlation is high, the variance of the
orthogonalized terms z;; becomes smaller. Therefore, the variance V; can
be considered as the usefulness of each evaluation term. This is the view
of contribution ratio. The system calculates contribution ratio p; of each
evaluation term to evaluation function as follows.

; = V2 16

;=

p ST (16)

The system deletes the evaluation term f; whose contribution ratio p; to
evaluation function is subthreshold. If there is no such an evaluation term,
the system skips from this module to the next module.

. The system distributes the weight w; of the deleted evaluation term f; to

other evaluation terms f, (¢ = 1,2,...,4—1). The modified weight w;, of w,
is calculated as follows.
r
w; =wq + %(1 — pi)wi (17)
1=1 Til
. The system re-arrays the evaluation terms f; (i = 1,2,...,n—1), and turns
back to 5.

Sequence-Search Module The purpose of this module is to search for good
sequences minimizing the evaluation function by SA. The evaluation function

opt
pro

SO W N

set,

imized by this module consists of the plural evaluation terms obtained by
cessing in the reduction module.
SA minimizes the evaluation function as follows.

. choose an initial feasible solution z (i.e. z is a sequence set)

. while the temperature T' > € (e is a small number), the following is performed
. choose a feasible solution y from neighborhood randomly

. if x <y, y is substituted for z with probability exp M

. otherwise, y is substituted for x

. Tis lowered according to cooling schedule ¢

In SA, we define the neighborhood as a flip of one base from the DNA
because we can calculate the score of the DNA set easily by calculating

only about the relation with the flip point. And initial temperature and cooling
schedule about SA are set to 1000 and 0.9998, respectively. If the search stops
at T' < 0.000001, we can search 103606 candidate solutions.
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3 Experiments

In order to evaluate our system, we carried out the following experiments.

First we performed an experiment for investigating about the relation be-
tween the reduction of the evaluation function and the contribution ratio of
each evaluation term to the evaluation function. Here we introduce the following
evaluation term about AT content.

m

fAT = Z(AT(” - AT@EZ)er_defined)Q (18)
i=1
where ATi?er_ de finea 1S the target value of AT content of DNA sequence x; which
user can set to the value with the range [0,100].

AT content is the rate for which A and T account in sequences. Therefore, the
sum of AT content and GC content always becomes 100%. In this experiment,
we build the evaluation function as the sum of two evaluation terms, GC content
and AT content. Both of these weights are set to 1. In other words, the evaluation
function is as follows.

F = fac+ far (19)

In this experiment, we set both GClser_de fined and ATyser_de fined at 50% first
and then raise only the GClyser_definea by 1%. Then the correlation coefficient
between fgc and far are plotted in Fig. [l

L —+— the function about GC
1 —8— the function about AT

01 02 03 0.4 0.5 0.6
-1 H —*— without the reduction of ——————

E =]
R
= <3
2 08 3 3 evaluation function
g // e 5 [ = with the reduction of
£ 06 _‘*M 2 2 ) evaluation function
£ 04 S, t: o ';-J
- T g5
= =R
° 02 i ERan S e
\ 5= =
0 . . . . SL
0 0.2 04 06 08 L 12 the contribution ratio about AT
correlation coefficient
Fig. 1. The correlation coefficient Fig. 2. The effect of the reduction

We performed the search for sequences by using both evaluation function
without reduction and one with reduction. In case of evaluation function with
reduction, we deleted the far regardless of the contribution ratio. The target
problem is the design for sequences under the condition that the number of DNA
is 10 and the length of each DNA (i.e. the number of base of each DNA) is 100.
The result is shown in Fig. 2.
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The figure shows that the lower the contribution ratio of the evaluation term
to evaluation function is, the more effective the reduction of evaluation function
is. So it seems that it is appropriate to reduce an evaluation function on the
basis of the contribution ratio.

Next, we applied our system to the evaluation function which consisted of
seven evaluation terms mentioned above fu, fseif, fac, fsims fcons frm, [3end-
We set GCuyser_defined at 50%, TMuyser_defined at 350K and k at 5. The target
problem is the design for sequences under the condition that the number of DNA
is 7 and the length of each DNA (i.e. the number of base of each DNA) is 20
(this is similar to Adleman’s experiment).

Table Bl shows the correlation coefficient between evaluation terms. Table [3]
shows the weight and contribution ratio of each evaluation term in the case of
both before reduction and after reduction.

Table 2. Correlation coefficient

fu Ssery fac fsim fcon | frm f3end
fu 1 -0.006804| -0.02707 | 0.003681 |-0.015259{-0.011736| 0.030687
fsery [-0.006804 1 0.092293 |-0.008876(-0.029155| 0.065794 | 0.055172
fac | -0.02707 | 0.092293 1 -0.011328| 0.202055 | 0.740378 | 0.034056
fsim|0.003681 [-0.008876(-0.011328 1 -0.009967| -0.02112 |-0.011076
fcon |-0.015259(-0.029155( 0.202055 [-0.009967 1 -0.013646| 0.01596
frm |-0.011736| 0.065794 | 0.740378 | -0.02112 |-0.013646 1 0.020442
f3end| 0.030687 | 0.055172 | 0.034056 |-0.011076| 0.01596 |0.020442 1

Table 3. weight and contribution ratio

before reduction after reduction
evaluation term|weight| contribution ratio | weight |contributi0n ratio
frm 1 0.156424 1.672854 0.166975
fsim 1 0.156304 1 0.166854
fu 1 0.156244 0.982822 0.166783
fcon 1 0.15618 1.194388 0.166714
f3end 1 0.155906 1.012692 0.166422
fsetf 1 0.155747 1.039692 0.166252
fac 1 0.063195 - -
correlation coefficient of evaluation function 0.825748

From the result of Table B, we can find that the contribution ratio of the
evaluation term fgc is very low. It is because the correlation coefficient between
fac and fr,, is extremely high (0.740378) and one between foo and foon 1S
relatively high (0.202055) (see Table ). Although correlation coefficient gives
the relation between evaluation terms, it is difficult to grasp all the relation of
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them. Therefore, in order to know the effectiveness of evaluation term itself, con-
tribution ratio serves as a good measure. Here, we can understand the evaluation
term fge is the most ineffective.

4 Concluding Remarks

In this paper we developed the sequence design system which searches for the
sequences satisfying the plural constraints and provides contribution ratio of the
each evaluation term to the evaluation function for users. Additionally in case
there exists an evaluation term with low contribution ratio, users can reduce the
number of combination of evaluation terms by reduction of evaluation function.

When we try to design good sequences by optimizing the evaluation function
consisting of plural evaluation terms, we should consider the validity of each
evaluation term and how we should combine them. In this paper we discussed
the second issue mainly. The validity of each evaluation term should be checked
by laboratory experiments.

In our system users can know the contribution ratio of each evaluation term
to evaluation function and reduce the number of combination of evaluation terms
by reduction of evaluation function. This assists users in integrating the plural
terms into an evaluation function. We believe that our system is useful when we
try to search for not only good sequences satisfying severe constraints but also
the evaluation terms for sequence design in DNA Computing.
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Abstract. In the universal DNA chip method, target RNAs are mapped
onto a set of DNA tags. Parallel hybridization of these tags with an in-
dexed, complementary antitag array then provides an estimate of the
relative RNA concentrations in the original solution. Although both er-
ror estimation and error reduction are important to process application,
a physical model of hybridization fidelity for the TAT system has yet to
be proposed. In this work, an equilibrium chemistry model of TAT hy-
bridation is used to estimate the error probability per hybridized tag (¢).
The temperature dependence of € is then discussed in detail, and com-
pared with the predictions of the stringency picture. In combination with
a modified statistical zipper model of duplex formation, implemented by
the Mjolnir software package, € is applied to investigate the error be-
havior of small to moderate sized TAT sets. In the first simulation, the
fidelities of (1) 10° random encodings, (2) a recently reported Hamming
encoding, and (3) an e-based, evolved encoding of a 32-strand, length-
16 TAT system are estimated, and discussed in detail. In the second
simulation, the scaling behavior of the mean error rate of random TAT
encodings is investigated. Results are used to discuss the ability of a ran-
dom strategy to generate high fidelity TAT sets, as a function of set size
and encoding length.

1 Introduction

DNA chips are indexed arrays of DNA probes which are immobilized on a solid
substrate. When exposed to a set of unbound, target DNA or RNA molecules, the
DNA chip essentially performs an exhaustive parallel search for complementary
sequences between the immobilized probes and the target species. DNA chips
have been successfully applied to simultaneous gene expression profiling (GEP)
and genotyping on a genome scale [I]. Although DNA chips provide a power-
ful tool for gaining insight into overall genome function, the target-dependent
nature of current DNA chips poses difficulties for both chip production and val-
idation. Recently, an alternative approach to the use of custom DNA chips for
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genome-scale GEP has been reported, which is based on the concept of a uni-
versal DNA chip [2]. This protocol, which is based on DNA computing, consists
of 3 steps. In the first step, a 1-to-1 mapping is defined, such that each species
of RNA which may be present in an input mixture is associated with a unique,
oligonucleotide-length DNA sequence, or DNA tag. In the second step, an RNA
input mixture of interest is mapped, using an in vitro molecular algorithm, onto
a corresponding set of DNA tags. Following PCR amplification, combined with
fluorescence-labeling, the resulting tags are removed and washed across a univer-
sal DNA chip. This chip is composed of an indexed array of DNA antitags, each
of which corresponds to the Watson-Crick reverse complement of one of the tag
species. If both the mapping and amplification are accomplished in a uniform
manner, the relative fluorescence intensities of the hybridized tags at equilibrium
will approximate the relative concentrations of the RNA species present in the
input mixture. The set of tags and complementary antitags, taken together, has
been referred to as a Tag-Antitag System [3].

Because the use of a molecular mapping obviates the need for organism-
specific chips, the DNA code words used to implement a Tag-Antitag (TAT)
system may be determined arbitrarily. In order to minimize errors in decoding,
however, DNA words should be designed to have minimal potential for mishy-
bridization. Although several heuristic methods for generating TAT sets appro-
priate for implementing universal DNA chips have been proposed [3[4)5617], no
physically principled model of TAT system fidelity has yet been reported.

The principles of equilibrium chemistry have been used previously to inves-
tigate the fidelity of DNA-protein interactions [], nucleic acid-based antisense
agents [9], and the annealing [T0] and annealing-ligation biosteps [11]. In Sec. 2
the fidelity behavior of the TAT system is discussed in terms of an equilibrium
treatment of DNA hybridization. Sec. [Z1] describes the derivation of an expres-
sion which estimates the equilibrium probability of error per hybridized tag, €
(Eq. ). The temperature dependence of ¢ is then discussed in Sec. Model
predictions indicate that the applicability of the stringency picture of DNA hy-
bridization fidelity is limited to the special case in which the total enthalpy of
unplanned TAT interactions dominates that of planned interactions. Sec. 23]
addresses the dependence of € on system input (i.e., tag concentrations), and
establishes a set of input-independent expressions for estimating the mean (e,,),
maximum (e ), and minimum (e_) fidelities over the set of all inputs.

In Sec. Bl the practical application of the equilibrium model of TAT fidelity
developed in Sec.[2is undertaken. Following a brief review of current approaches
to modeling DNA duplex formation (and related software), Sec. Bl describes a
modified version of the statistical zipper model of duplex formation, which is
implemented by the new Mjolnir software package. Sec. and Sec. then
report the results of a pair of simulation experiments performed using Mjolnir,
in combination with the model of duplex formation outlined in Sec. Bl In
Simulation A, the predicted fidelity performance of the Hamming-based TAT
set described in [5] is examined relative to that of 10° randomly generated
encodings. In order to establish the evolvability of TAT encodings with improved
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performance, an encoding produced using a standard genetic algorithm is also
discussed. Simulation B addresses the scaling behavior of the mean fidelity of
a randomly generated encoding, in the range of small to moderate sized sets.
Sec. [ outlines the overall predictions of the model, and discusses current work,
which is focused on the experimental validation of the model.

2 TAT Fidelity: Equilibrium Model

2.1 The Error Probability per Hybridized Tag, €

Consider a universal DNA chip array, composed of n anchored antitag ssDNA
species, in equilibrium with a mixture of n unbound tag species, each of which is
the Watson-Crick reverse complement of the corresponding antitag. Let C and
C; refer to the initial and equilibrium concentrations of the tag member of TAT
pair {i,i*}, respectively. Similarly, let C5. and C;~ denote the initial and equi-
librium concentrations of the antitag member of TAT pair {i,4*}, respectively.
Furthermore, let K;;- denote the total equilibrium constant of bimolecular du-
plex formation between tag i and antitag j*. At equilibrium, the mean error
probability per antitag-hybridized tag is estimated by the ratio,

. Ez Zj* CiCj*KiCj* _ 1
N Zl Zj* CiCj*Kij* ~ SNR’

€ 1)
where K. is the sum of the error equilibrium constants of formation between
species ¢ and j*, and SNR corresponds to the conventional, experimentally ob-
served measure of hybridization error, the signal to noise ratio. This expression
may be rendered into a tractable form by the successive application of a set of
approximations. First, antitags are assumed to be present in equal, excess con-
centration Cj, relative to each tag, so that C- ~ C’a(lJrK;-ip)*l, Vj*. In analogy
with [8], TAT encodings are then assumed to be sufficiently well encoded so that
the total equilibrium constant of error interaction for each tag-tag and each TAT
pair is small relative to that of the full-length, planned TAT interaction. Finally,
it is noted that the equilibrium constants of hairpin formation for an antitag and
it matching tag are roughly equal. Eq.[Il then reduces to the form,

o 1+ KPP K
2 G |:(1+K,th)2+CaKii* 2 1+}§’?}
¢~ . (2)

[e] K',',*
Zi Cl {(1+Kihp)2+caKn* :|

As the set {C?} may be estimated from fluorescence measurements using the
expression, C9 ~ Cix [1+(Co Kiv )~ (14 K7)?], a post-experiment, experiment-
specific estimation of € may be straightforwardly obtained.

2.2 The Temperature Dependence of €

Let K;. and AH;, denote the sum of the statistical weights and the enthalpies
of formation of all error configurations involving tag ¢, respectively. Similarly,
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let AH;;« denote the sum of the enthalpies of all duplex configurations between
TAT pair {i,i*}. For the typical hybridization experiment, that is performed at
a temperature beneath the melting transition of planned TAT pairs, the tem-
perature dependence of € is given by,

CPKi.e o o

de > 17 Co K (AH, — AH.) € 3

dr "~ CiKi. RT?’ ®)
2 TR R

where the impact of hairpin formation has been neglected. The simplest applica-
tion of Eq.[3]is to a single tag species in equilibrium with a a number of antitag
species (i.e., Cf = Ct, Cf = 0,V j /=i). In this case, j—; is a monotonically
varying function of T, whose sign is determined completely by the sign of the
quantity, AAH® = AH;, — AHJ,.. There are two cases of interest.

For the case in which the sum of the enthalpies of formation of planned inter-
action dominates the sum of the enthalpies of the set of error interactions (Case
I), AAH® > 0, and maximal fidelity is predicted to be obtained by applica-
tion of the minimum practical T;.,. Although this result appears to conflict with
the well-established stringency picture of DNA primer hybridization fidelity [3],
which predicts that the maximal fidelity is achieved at a T, both (1) greater
than the melting temperatures (T,,,) of all error hybrids, and (2) lower than
the T, of each planned hybrid, this conflict is only apparent. In actuality, this
temperature behavior applies only to the special case of a DNA mixture which
encodes for a low number of error interactions.

For the case in which the sum of the enthalpies of formation of error interac-
tion dominates (Case II), AAH® < 0, and maximum fidelity is predicted at the
highest practical T;.,. This behavior applies to the DNA mixture which encodes
for both a target structure and a large number of suboptimal, but marginally
stable mismatched structures, as in the PCR amplification of a target sequence
from genomic DNA. The optimal 7}, is then predicted to be that temperature
which co-optimizes the signal to noise ratio and the total yield of planned hy-
brids, a goal which is achieved at a T, marginally beneath the T, of the full
length planned hybrid, as predicted by the stringency picture of fidelity.

For the universal DNA chip, which is composed of a number of TAT pairs,
cases I and II correspond to the temperature behavior for the extreme cases in
which each tag encoding is relatively error-free (AHf. < AH?,,V i), or rela-
tively error-prone (AH?, < AHJ;.,V i) respectively. In addition to these cases,
a third distinctive type of temperature behavior (Case III) is predicted when
the encoding of interest consists of a mixture of error-free and error-prone tag
encodings. For encoding sets in which some tag encodings satisfy the condi-
tion AHS. < AH;, (relatively error-free), while others satisfy the condition,
AH?, < AHF,. (relatively error-prone), Eq. Bl will contain both positive and
negative terms. The overall error rate of such an encoding is then predicted to
assume a more complicated, multiphasic temperature dependence. Let TAT en-
codings which exhibit these three types of temperature behavior be classified as
Type I, Type II, and Type III encodings, respectively.
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2.3 The Input Dependence of €

For purposes of standardization, and to enable rational design, it would be desir-
able to associate a single, input-independent measure of fidelity to a given DNA
chip. According to Eq. Bl however, the experimentally observed error rate will in
general be dependent upon the relative concentrations of tag species present in
the experimental wash, in addition to the details of chip design. Let the variation
of € over the set of all dilute inputs be termed the error response of a DNA chip.
Although the weakly nonlinear nature of ¢ complicates the derivation of an ex-
act expression for the mean error response, an approximate estimate is provided
by €4, the error rate in response to an input distributed uniformly over all tag
species (i.e. a white input). For this case, Eq. Blreduces to the form,

Z_ 1+K;1p Z K
| (14 KMP)24C Ky “3° 1+K;f

Z' K,
U (1K) 24 Cu Ky

~

€w R

(4)

The extreme values of the error response are also determined straightfor-
wardly. From Eq.[2] the error rate in response to an impulse-like input composed
of a single tag species, i is given by the concentration independent expression,

LK s K (5)

€ = .

’ K pral K;Zp
Let the complete set of error-impulse responses, S; = {¢;} be termed the error
spectrum of the chip. The extrema of the error response for a DNA chip then
correspond to the extreme members of the error spectrum, e = supS; and
€+ = inf S;. For convenience, the error spectral width, which is a measure of the
input-related uncertainty attendant upon use of the chip, is defined in terms of
the logarithms of the extreme values:

w = logyg € —logyg €4 (6)

3 Simulations of TAT Fidelity

3.1 Estimation of the Equilibrium Constants

The practical application of Eqgs. requires the estimatation of an overall
equilibrium constant of secondary structure formation (K,,) for each tag and
each TAT pair. Although estimating K., for any configuration requires O(l)
TIME resource, where [ is strand length, the exponential scaling of the number
of accessible configurations poses a significant barrier to calculation [12]. Various
approaches for circumventing this difficulty have appeared in the literature. In
the Dynamic Programming (DP) algorithm, the required time is reduced to O(I?)
for either a single, folding strand [12] or a pair of hybridizing strands [13], by
restricting attention to the identification of the most stable accessible structure.
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The DP algorithm has been implemented by Zuker [14] in the form of the m-fold
software package, to support optimal secondary structure prediction for single
RNA and DNA molecules. An undesirable feature of the simplest form of DP is
that it neglects the occupancy of a large number of suboptimal, but significant
structures. Although the set of structures with free energy above some threshold
value (i.e., within 10% of that of the optimal structure) can also be generated
by DP, in practice the size of this set may still grow exponentially, an occurance
which cannot, in general, be determined prior to runtime [12].

The alternative approach is to restrict attention to some tractable subset
of configuration space whose occupancy has been determined experimentally
to dominate the process under study. For instance, the use of an all-or-none,
perfectly aligned model, which considers only the occupancy of the completely
melted and unmelted configurations, is satisfactory for modeling the melting of
short oligonucleotides and has been used to establish sets of nearest-neighbor
parameters [I5]. At the other extreme, the melting of long, quasirandom DNAs
is well modeled by a perfectly aligned model which retains configurations with
internal loops, but neglects configurations in staggered alignments. This model is
the physical basis for the Poland algorithm, which requires a computational time
of O(1%), or O(6l), when combined with the Fixman-Friere approximation [16].
Software packages based on this algorithm include Steger’s POLAND package
[17] and the MELTSIM package of Blake and SantaLucia [1§].

The analysis of renaturation-based processes requires an assessment of the
potential for nucleation in multiple alignments, particularly for strands longer
than short oligonucleotides. The hybridization of a short ssDNA primer with a
longer template has been modeled using a modified all-or-none model, in which
the full-length configuration in each alignment is retained (including all mis-
matches), and base-pair mismatches are modeled as virtual stacks [I9]. This
algorithm is implemented by Hartemink’s BIND [19] and SCAN [20] software
packages, although a stringency picture of hybridization fidelity is ultimately
applied. While the attainment of an O(l) scaling behavior is attractive compu-
tationally, the unrealistically small penalty obtained by modeling internal loops
in terms of virtual stacks limits model applicability to short oligonucleotides.

A statistical zipper model (SZM), which retains configurations in all align-
ments, but discards those which require multiple nucleation events, is appro-
priate for modeling the thermal denaturation and renaturation of quasirandom
DNAs shorter than about 100 bases [21], although deviations are expected for
DNAs with repeating GC-rich regions longer than about 25 bases [22]. Theo-
retically, adequacy of an SZM is justified by the large multiplicative penalty
(0 ~ 4.5 x 1079) assigned to configurations with internal loops. A standard,
Watson-Crick SZM, which requires 0(/2) TIME resource, has been applied pre-
viously to the fidelity of both the annealing [I0] and annealing-ligation [IT]
biosteps of DNA computing, and is implemented by the NucleicPark software
package. As pointed out in [IT], however, a standard SZM may substantially
underestimate the overall occupancy of error configurations, due to the assump-
tion of broad negligibility for configurations with single mismatches, tandem
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GAs, and single base bulges. For this reason, in the current work a new Java-
based software package, Mjolnir has been developed, which adopts a modified
SZM that includes these configurations. For each configuration, the free energy
of duplex formation is estimated using the nearest-neighbor parameter set of
SantaLucia [15], which includes the impact of single internal mismatches [23].
The following modifications have also been adopted: an internal tandem GA is
modeled as a normal nearest neighbor doublet [24]; a single base bulge is treated
as a destabilizing energetic perturbation [25]; each dangling end is modeled as
a small additive energetic correction [26]; the impact of antitag anchorage is ac-
counted for as suggested in [27]. For hairpins, terminal loop statistical weights
are estimated as described in [16]. This modified SZM requires O(1*) TIME re-
source per tag or TAT pair. Copies of Mjolnir are freely available, by personal
request.

CTTGGGCCCGCGTATG | TGCCCTTCCTGGGGAG GCTGTGCATCACGGGC | CGGCCTCTCCCCTCAT
TGCTACTACTCGTCGG | CCGTGACCGTTCTTCA CGTTTACAGGGTGCGT | CGCGCGAGCTTGTAAG
CCCAGACTTGCCGATG | GACGACACCCCCACTT CGCTCCAACAACCTAT | CGGTTGAGAGTCAGCA
GCGGCAGTGATTTGCG | GCTGGATGGAACGGAC | AACCACGCCTGTTCGC | TCGCAAAAGCCAAGGC

Fig.1. Encoding of an N = 16, L = 16 TAT system (antitags), evolved using
a standard genetic algorithm. Encodings are shown in a 5’ to 3’ orientation.

3.2 Simulation A - The Fidelity of the Small TAT System

Recently, a SAT instance was solved in vitro using a TAT system composed of
16 TAT pairs (N = 16), each 16 bases in length (L = 16) [6]. The TAT set em-
ployed was designed to prevent mishybridization by means of a perfectly aligned,
Hamming-based strategy [5]. In order to investigate the effectiveness of Ham-
ming encoding, the error response of this set has been estimated using Mjolnir.
The parameters C, = 107 M and [Nat] = 1 M were assumed. For standard-
ization, the error responses of 10° random encodings of a N = 16, L = 16 TAT
system were also examined. As fidelity characteristics were distributed lognor-
mally, population means and standard deviations were computed in terms of the
logarithms of the error responses. A third set, shown in Fig.[Il was evolved using
a standard genetic algorithm. A complete discussion of TAT encoding evolvabil-
ity is beyond the scope of this work. However, the performance of the encoding
listed in Fig.[l establishes the availability of good encodings, at equilibrium. The
applied genetic algorithm, which was implemented by Mjolnir, evolved a TAT
population of size 100 for 150 generations, using the fitness measure €%, with a
crossover rate of 0.7 and a mutation rate of 0.01.

Simulation results for all encoding sets are shown in Fig.[2l The validity of the
approximation set used to derive € was verified for each encoding, at runtime. All
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5
10 Random Encodings Hamming Encoding Evolved Encoding
T
- 293 K 303 K 293 K 303 K 293 K 303 K
Response
10910 + -14.4%+t0.9(-12.5%0.8 -11.9 -9.9 -15.1 -12.9
loglo w -10.0* 0.9 -8.6 t0.8 -9.8 -8.4 -14.4 -12.4
log, 0. -9.0+1.0| -7.6%0.9 -9.0 -7.5 -14.0 -12.0

Fig. 2. A simulated set of error responses for the following N = 16, L = 16 TAT
encodings: (1) the Hamming encoding reported in [3], (2) 10° random encodings,
and (3) an encoding generated by a standard genetic algorithm using the fitness,

-2
€n” -

fidelity responses followed a Type I temperature behavior, as predicted for a set
of high affinity encodings in a relatively error-free background (cf. Section 222)).
This result supports the conclusion that a stringency-based methodology [3] is
not universally well motivated for TAT design. Based on the fidelity responses
predicted for the encoding reported in [f], enhanced fidelity is not guaranteed
by application of the simplest form of a Hamming-based encoding strategy. In
particular, the predicted performance of this set is approximately equivalent
to that of a random set. The most obvious explanation for this result is that
a perfectly-aligned strategy makes no attempt to account for hybridization in
shorter alignments, which generally accounts for the majority of hybridization
error. A more fundamental problem, however involves the soundness of the un-
derlying assumption of a Hamming-based strategy for DNA encoding: that all
mismatches are fundamentally destabilizing. Recent experiments indicate that
all single mismatches confer at least some energetic stability, when located within
a Watson-Crick duplex [23]. As a result, the presence of an arbitrary set of mis-
matches does not necessarily enforce the energetic unfavorablity of a structure.

The good performance predicted to accompany the random encoding of a
small TAT set has a strong underlying physical basis. At equilibrium, the oc-
cupancy of a given tag species amongst accessible structures is determined by
the relative magnitudes of the corresponding Gibbs factors, which scale expo-
nentially with length. As a result, a very large number of randomly occurring,
suboptimal error structures is required to have a sizable impact on the occu-
pancy of the planned, full-length structure. This line of reasoning has led some
researchers to conclude that the high occupancy of a planned structure may be
guaranteed, in general by encoding for high target affinity [9]. In practice, of
course, the ability of a high affinity, but otherwise random encoding to establish
a suitably high specificity depends upon the application (i.e., the level of error
which is acceptable), as well as the size of the error background. The key issue
is an estimation of the set size above which an “affinity guarantees specificity”
strategy is likely to fail, on average.
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3.3 Simulation B - The Scaling Behavior of Random Encoding
Fidelity

In order to estimate the scaling behavior of the fidelity of randomly generated
TAT sets, a second simulation experiment was performed. The experimental de-
sign was a two-level, three factor, full factorial experiment [28]. The significant
factors were N, L, and T, and the levels investigated were: N = {16, 128};
L = {14, 24}; and T, = {293 K, 303 K}. A single full-factorial set of simula-
tions (a replicate) required a total of 2% = 8 simulation runs. Two independent
replicates were performed, for a total of 16 runs. An additional pair of runs at
the experimental centerpoint (N = 72, L = 20, T' = 298 K) were also performed
to investigate curvature. Simulations focused on the influence of the factors on
the population average values of the error responses, log,, €y, log;g, €—, and w.
Regression analyses on the resulting data yielded, for each effect a linear fit with
negligible curvature, at 95% confidence. In terms of the population means, the
resulting linear fits were given by,

(logy €w) = —45.7+ 0.021 N — 0.91 L 4 0.17 T}, (7)
(logype_) = —45.3 4+ 0.028 N — 0.90 L + 0.17 T}, (8)
(wy = 24.3+0.018 N +0.23L —0.078 T}, . (9)

The mean worst case error response, (log;,e—) at 25 °C is illustrated in Fig. Bl
as a function of IV and L. Response values are shown as a series of a discrete con-
tours, (logyge—) = {—3,—6,—9, —12}. The accompanying error response surface
and z-axis have been omitted for clarity. Within the experimental range investi-
gated (dashed box), TAT system performance is predicted to scale exponentially
with both L and N in a compensatory fashion: a modest increase in L is easily
able to compensate for even substantial increases in V.

Current glass slide-based DNA chips contain roughly 6 x 10'3 anchored
strands of each antitag species (i.e., C, ~ 107% M, in 100 uL). Although the
total tag concentrations will vary with input, the most numerous species can
be expected to be present at ~ 0.1C; — 0.01C,. Assuming that a minimum of
~ 102 — 10 error hybrids are required for detection, an error rate less than
roughly 10712 is required for ideal fidelity. For current oligonucleotide-based
TAT systems, which generally lie within the experimental box of Fig. Bl the per-
formance of randomly generated encodings is predicted to be excellent (i.e., on
average, a worst case error rate of log;, - = —12 may be obtained, given appro-
priate selection of L). The linear model of error response represented by Eqgs. [ -
@ is strictly valid only within the experimental box. This linear model, however,
when extrapolated beyond the box provides an approximate, quantitative basis
for predicting the relatively rapid onset of failure for encodings produced using a
random strategy, as TAT systems scale up in size and sensitivity. If the contour,
10712 is taken to define an approximate line of failure for error-free computa-
tion, the error-free application of randomly generated oligonucleotide-based TAT
systems is predicted to be feasible for at most N ~ 180 TAT pairs.
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Encoding Length (L)

0 50 100 150 200
Number of TAT Pairs (N)

Fig. 3. The worst-input, mean error response of a TAT set as a function of NV
and L, in terms of the contours (logyye-) = {—3,—6,—9,—12,—15}. Values
outside of the experimental box (dashed lines) represent extrapolated behavior.

4 Conclusions and Future Work

In this work, an equilibrium chemistry based model of TAT system fidelity has
been developed and explored. The predictions provided by this model support
the following general conclusions:

1. The stringency picture of hybridization fidelity is a special case of a more
general temperature behavior. In particular, the predicted temperature be-
havior applies only to the special case of the low-fidelity TAT system.

2. The application of a perfectly aligned Hamming encoding strategy does not
guarantee enhanced TAT system fidelity, relative to random encodings. This
result is due to the failure of the primary assumption of Hamming encoding,
namely that single base pair mismatches are inherently destabilizing.

3. A relatively high specificity may be obtained on average, for the modest-
sized TAT system, by using a random encoding strategy combined with the
application of a T, beneath the melting transition of all TAT pairs. The
ability of a random strategy to generate high fidelity TAT sets is predicted
to be limited to roughly 180 oligonucleotide pairs.

4. The evolvability of TAT encodings requires further study. However, the abil-
ity of a genetic algorithm to quickly generate encodings of enhanced fidelity
for small TAT sets suggests that this method may also be well-motivated for
larger sets.

The validity of the fidelity model presented in Sec.[2 rests principally on the
soundness of the applied approximations. As discussed previously, each approx-
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imation was verified to hold at runtime for all encodings examined. However,
simulation results also rely upon the ability of a nearest-neighbor model of du-
plex energetics, combined with the modified staggered zipper model of Sec. 3.1}
to accurately estimate the occupancy of planned structures. Although physically
well-motivated, the range of validity of an SZM for evaluating TAT systems needs
to be subjected to experimental investigation. An advantage of the current model
is that it provides predictions which, due to their quantitative nature, lend them-
selves to direct experimental testing. A series of simple DNA chip experiments
is currently underway to investigate the validity of model predictions. Of par-
ticular interest are: (1) experimental confirmation of the ability of € to provide
a quantititive prediction of the experimentally obtained error rate, given use of
the modified staggered zipper model presented in Sec. Bl, (2) experimental con-
firmation of the non-stringency-like temperature behavior predicted for Type I
TAT sets by Eq.[2, and (3) investigation of the deviation of model predictions
from experimental error rates, away from equilibrium.
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Abstract. Nearly every nucleotide-based computing problem attempted
thus far has involved the prearranged assignment of nucleotide sequences
to represent bits. However, no general program is yet available to opti-
mize those bit sequences. Careful selection of bit sequences can promote
strong annealing between a bit and its intended complement while at
the same time minimizing unintended interactions with other bits. In
this paper, we present a program that uses an evolutionary algorithm to
generate optimum bit sets using given (changeable) criteria. We also test
some properties of the program and discuss future applications.

1 Introduction

An intuitive conclusion to draw about DNA computing, without much knowledge
of the field, is that the individual bases (A, C, G, and T') can themselves be used
to represent bits. In reality, however, it is immensely difficult to manipulate
such small elements-not to mention reading out the results without resorting
to time-consuming DNA sequencing. Consequently, even as far back as the first
demonstration of DNA computing [1]], scientists have resorted to using longer
sequences to represent bits. Each bit used in Leonard Adleman’s experiment in
1994, for example, consisted of 20 randomly preassigned nucleotides.

A potentially significant problem, though, lies in the possible interaction of
these bits, particularly as the library size increases. A randomly selected bit
set may experience any number of physical problems during computation: The
molecule may adhere to itself, for example, or a bit may adhere too easily to
another’s complement. Though many papers have proposed the use of combina-
torial constraints on the composition of a set of DNA code words [}, 2} [4, 5] [6]
7l 80T, 121 131 27, 22], 26] 29| [30), BT], currently no method exists for finding the
“best” bit set.

In this paper we describe a computer program called PUNCH (Princeton
University Nucleotide Computing Heuristic) that implements an evolutionary
algorithm to find an optimized bit set given input parameters (e.g. bit length
and number of bits).
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The goal of its creation was twofold: One, the program was designed to be
compatible with various current DNA computing methods and should therefore
be useful in selecting bit sets for that purpose. And two, using PUNCH, one
should be able to test the limits of current methodology (e.g. the maximum
number of unique bits that a current protocol can handle) and possibly suggest
new techniques for DNA computing that may work better.

In the remainder of this paper, we outline the program’s architecture (Section
2), show its relevance to experiments already performed (Sections 3, 5), introduce
new scoring functions (Sections 4, 5), and discuss the program’s potential future
applications (Section 6).

2 Program Architecture

The primary functional unit of PUNCH is a three-dimensional array, the size
of which is determined by three defined constants: N (the number of bits in
the problem), B (the number of nucleotides in each bit), and V' (the number of
variations on each bit set, to be explained below). These three constants can be
varied as needed. The initialization function begins by selecting random integers
between 0 and 3 and fills the array with corresponding nucleotides (0 = A,
1=0C,2=aG, 3= TE. The randomization function is taken from [24] and
passes all statistical tests for randomness until called 108 times. Each of the bit
sets, those of dimension B_N, is assigned the maximum possible score, which is
equal to
2w(l+ BN — w,

where w is the window length, to be explained below.

First, the two-dimensional set is converted to a one-dimensional string with
each of the bits in order. This is done so that we may consider problems within
sequences as well as between them; i.e., one bit may be similar to the ordered
combination of the last part of a different bit and the first part of another.
Next, a window (of definable length w) fills itself with the first w nucleotides
in the string and scans the entire length of the string for that combination of
nucleotides. Each time it encounters an identical sequence, it subtracts w from
the current score?.

In addition, if only w — 1 nucleotides are identical (but not necessarily in a
row), w — 1 is subtracted from the current score; it is the same with w—2, w—3,
and so on, until one encounters a predefined threshold called sensitivity. The
biological rationale behind this scoring function is as follows: Assume w = 7.

! In later versions of this program which use folding energy to score the bit sets, 3 = U
instead of T'. The effect is the same.

2 This fact explains the derivation of the maximum possible score: A window of length
w scanning the entire length of a BN-element string makes (14BN —w) comparisons,
(14 BN — w) times, each with a possible penalty of w. The coefficient 2 is included
because the scan is performed twice with two different w-length windows, explained
later in this section.
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Having the same 7 nucleotides in a row in multiple locations within the same
string of bits, whether within or between bits, would certainly pose problems
during the biological implementation of those bits. Thus, 7 is subtracted from
the score. Having 6 nucleotides in a row is also problematic, though less so;
hence 6 would be subtracted from the score. Note that the 6 nucleotides need
not be sequential, but merely within the same window of size 7-that is, if only 1
nucleotide differs somewhere within the center of that sequence, they may still
bind to the same complement. This logic also follows for 5 similar nucleotides.
However, it may be unrealistic to penalize 1, 2, 3, or even 4 identical nucleotides
within the same window of length 7, since these numbers do not reflect any real
biological difficulty.

After the window has checked the entire string, it refills itself with the second
w nucleotides in the string and checks the string again, using the same criteria
and subtracting from the current score as necessary.

In [11] Frutos et al. report that the two most important criteria for bit set
selection are “(i) no two 8mers [the bit length, or word size, Frutos et al. chose]
in the set should hybridize with each other’s complements (i.e., hybridization
adsorption should only occur between a word and its perfectly matched comple-
ment), and (ii) no two 8mers in the set should hybridize with each other (this
could be important, for example, in the process of hybridizing surface-bound
words with a combinatorial set of complements).” Roweis et al. [26] report an
equivalent set of requirements.

To check for this, PUNCH repeats its assessment using a second window of
the same length. This time, however, rather than fill that window with sequences
of w bases, it fills that window with the reverse of their complements. It then
checks the string in the same manner, penalizing the score accordingly each time.

The final score can be expressed as a percentage by dividing it by the maxi-
mum possible score given above. This process normalizes the score and is useful
in comparing scores of different-sized bit sets. The score can also be left alone as
a very high integer. Both methods are used throughout this paper; the impor-
tant aspect in each case is not the bit set’s absolute score, but rather its score
relative to other bit sets.

Now each of the V' bit sets has a numeric score. The next set of functions
selects the bit set with the highest score, determines which variation contains it,
and fills the entire three-dimensional array with that bit set, such that there are
V' identical copies of the best bit set in the array.

Let m represent a mutation rate between 0 and 1. The next step is the
mutation of random bases within the array, so that each bit set resembles the
highest-scoring bit set from the previous trial but with minor changes. To ac-
complish this, mBN(V — 1) bases are randomly selected and reassigned. We
determined that the best mutation rate to use is

m = 1/BN,

a result that takes into account the well-known fact that small changes give
better optimized results over several generations than large ones [I0].
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It is also important to note that variation 0 is consistently left unmutated;
hence (V' — 1) in the equation above. This feature ensures that, if no mutation
produces a better score than the previous generation, the best score among the
variations will not decrease.

The new bit sets are re-scored, and again the highest-scoring set is isolated,
copied throughout the array, and mutated. This process is repeated until the
highest-scoring bit set in each generation fails to improve r times, where r is
typically a large integer (e.g. 1000).

Later we will describe a test in which PUNCH is asked to optimize bits that
do not need to be evaluated in sequence. In other words, for certain nucleotide
computing protocols, the bits are treated as one linear string. For others, how-
ever, the bits are left independent, making it unnecessary and in fact inaccurate
to treat the bits this way. Therefore we created a second version of PUNCH to
evaluate independent bits.

Essentially, the difference between this version of PUNCH and the original
version is that this version replaces B with B + 1 wherever it appears, and
the (B + 1)st nucleotide becomes an “end-of-bit marker,” the digit 4, converted
to character “X” (recall that the integers 0-3 represent the four nucleotides).
The bits are still placed into a one-dimensional string, but when either the
window scanning or the length of string being scanned contains a 4, the penalty
is automatically set to 0, thus ignoring inter-bit combinations. This modification
also changes the maximum possible score, which now becomes

2w((1+ B — w)N)2.

3 “Computing on Surfaces” Using PUNCH

Thus far we have demonstrated that PUNCH optimizes bit sets (i.e., it finds a
bit set which scores higher than a large number of random sequences). However,
this finding does not include support for the validity of the scoring function.

There are two ways to test the usefulness of the scoring function. One is to
perform an experiment using the bits it suggests. Another, easier, method is to
assess the bits used in an existing, successful experiment.

Frutos, Liu, et al., who suggested the fundamentals of bit set design in [11]
and used them to design 108 “ideal” 8-mers, later used 16 of them in an exper-
iment [20]. To summarize, those bits were synthesized within fixed sequences,
fluorescently labeled, annealed independently to 16 locations on a DNA chip,
digested or left intact as necessary, and the result was read out by fluorescence
detection [20].

Initially, PUNCH was designed based on a different procedure, one performed
by our laboratory last year [9], that involved the bits lining up sequentially with
spacer sequences between them. This meant that the scoring function had to scan
the entire length of the string and check not only within bits but for combinations
between adjacent ones as well. In [20], however, the bits do not line up end-to-
end; rather, they remain independent on the chip. Thus, the scoring function
had to be modified as described in Section 2.
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After implementing that change, we performed three analyses. One was an
assessment of 10,000 randomly generated Monte Carlo bit sets with the input
parameters adjusted to match those described in [11] (B =8, N =16, V = 10,
w = 4, sensitivity = 0). Another was an assessment of the exact sequences Liu
et al. used in [20]. Finally, we performed a PUNCH optimization using the same
input parameters. As hoped, the Liu et al. bit set scored higher than most Monte
Carlo sequences, and the PUNCH-optimized set scored higher than that of Liu
et al.

It should be noted that these results later took one more factor into account:
base equality. Scoring for equal amounts of each nucleotide became necessary, as
Liu et al. used GC content as a criterion for designing their own bits. Therefore
an additional routine counts the number of each base in a given bit set, divides
it by the total number of bases in the set, and finds the absolute value of its
deviance from 0.25. Next it totals the deviance of all four bases, subtracts the
result from 1, and ends up with a coefficient between 0 and 1 by which to multiply
the score. Thus, having equal amounts of each base is rewarded.

This method, and a few others to be mentioned later, work better if each
aspect scored can be expressed as a floating-point decimal between 0 and 1.
Such a conversion is easily done; it simply involves normalizing the score by
dividing it by the maximum possible score. The modified scoring routine then
averages the normalized score and the equality coefficient.

4 Introducing Folding Scores

Until this point, the scoring function has assessed bit sets based on two criteria:
(i) similarity to other bits or inter-bit sequences, and (ii) similarity to the reverse
complements of other bits or inter-bit sequences. Since the latter criterion is used
to minimize secondary structure problems, it is possible to replace it with an
existing program that scores based on single-stranded DNA folding energy.

We used a publicly available C-based program called the Vienna RNA Pack-
age [I6]. Though this program is designed to find the folding energy of RNA
structures, it can be tweaked to determine the folding energy of single-stranded
DNA by interchanging between 7" and U and by disallowing GU base pairs.

Since bit set similarity is normalized to a value between 0 and 1, as is base
equality, it would be a good idea as well to convert the folding score into a
normalized value-in other words, to divide it by the maximum possible folding
energy.

For a single-stranded sequence of length n, if n is even, the sequence with the
maximum folding energy is G, _4)/2GAAAC,_4)/2. If n is odd, the maximum
folding energy sequence is G(,,—3y /2 GAAAC ;, 5,2 [14]. Here, n is the length of
the continuous string generated when the B-length bits are laid end-to-end—in
other words, n = BN.

To correctly use the output score from the Vienna RNA Package, one must
subtract it from 1, after dividing it by the maximum possible score. This is
because the “best” bit set should be the least stable—more stable bit sets have
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branches that bind more strongly to parts of themselves; thus, their secondary
structure is problematic for DNA computing.

To test its effectiveness, we ran PUNCH with B = 15, N = 10, V = 10,
w = 7, and sensitivity = 3. Two nested binary “for” loops helped output results
for three cases: (i) one in which the bit sets were scored using only folding energy
and base equality, (ii) one in which the bit sets were scored using only similarity
and base equality, and (iii) one in which all three scores averaged to give the
final score.

One would expect (i) to give a nontrivial (i.e., four-base) result with few
secondary interactions, but which may have similar bits. One would also expect
that (ii), while optimized to avoid similarity, would have a more stable secondary
structure than (i). Finally, (iii) should be somewhere in between regarding both
qualities.

This prediction is certainly true mathematically. Bit set (i) optimizes to a
score of 0.94545, bit set (ii) optimizes to 0.98306, and (iii) gives a score in
between: 0.94667.

The sequences generated were fed into an RNA secondary structure predic-
tion program [I7], a web interface to the RNAfold program [I6]. While this
program makes predictions for RNA, it can also be set to use single-stranded
DNA parameters [28]. An examination of the program’s output shows that (i)
has fewer and smaller hairpins than either (ii) or (iii), (ii) appears to have the
most egregious secondary structure, and (iii) appears to be compromise between
(i) and (ii). Clearly the addition of the folding routine [16] gives PUNCH some
biological basis.

5 Comparison to Contiguous Bit Sets

With the folding routine firmly in place, it becomes possible to test PUNCH
from the inside out again. Last year our laboratory, using bit sets designed by
a program called PERMUTE, performed a successful though imperfect DNA
computing experiment [9]. Therefore, the bit set generated by PUNCH should
score higher than any of the bit sets we used, which should score rather highly
themselves relative to a large number of Monte Carlo sequences.

Because we used 5-nt spacers between 15-nt bits, our procedure can be eval-
uated equivalently in PUNCH using B = 20 (since the bits are evaluated end-
to-end as a continuous string anyway). Also, PUNCH used N = 9, since our
experiment only used nine of the ten bits synthesized. The remaining defined
constants were V=10, r = 1000, w = 7, and sensitivity = 3.

The result is mixed: PUNCH outscores all 10,000 Monte Carlo sequences, as
is expected. However, the bit sets we used score quite low in comparison.

An analysis of the scoring function shows why this is true. As with the
evaluation of the Liu et al. bit set [20], the problem lies in the base equality
criterion-but this time the problem is the opposite. The bit sets we used in
[9] make use of a three-base alphabet (with one exception). The base equality
scoring routine penalizes such a choice.
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There are two ways to modify the scoring routine so that this will not be a
problem: Either omit base equality, or overtly reward a three-base system.

5.1 Omitting Base Equality

Changing the scoring routine to omit base equality is easily done. Instead of
averaging the similarity score, the folding score, and the base equality score, the
new scoring routine averages only the similarity and folding scores. The results
show that, compared to 10,000 Monte Carlo bit sets, a three-base alphabet makes
a big difference. Hence the superiority of the bit sets we used to the Monte Carlo
bit sets: Restriction to three bases greatly reduces secondary-structure stability.

Even more interesting, however, is the bit set PUNCH optimizes. Using fold-
ing scores only, or using both folding and similarity scores, and without insisting
on base equality, PUNCH naturally optimizes its bit set to practically a three-
base alphabet. In fact, the sequence scored only for folding achieves a perfect
score of 1.00000. When similarity is the only criterion, of course, this is no longer
true. Furthermore, as in the bit sets our laboratory chose, the omitted base is G.
This makes sense from a molecular perspective, since omitting G destroys the
potential for G-C pairs, G : U pairs, and G stacking, three of the most stabilizing
forces in RNA secondary structure [27]. Indeed, it is the reason we consciously
chose to omit G from our alphabet [9].

5.2 Rewarding a Three-Base System

The other way to guarantee a relatively high rank for the sequences we used is
the deliberate restriction, in PUNCH, to a three-base alphabet. For this reason,
we introduced a new constant, bases, capable of being defined such that 3 <
bases < 8. This constant represents the number of bases in the desired alphabet.

It becomes possible, with a few adjustments, to set bases = 3-almost exactly
the supposition imposed by Faulhammer et al. [9] on their bit set assignment.
(The use of a 2-base alphabet—or, rather, of various 2-base combinations of the
standard 4-base alphabet—has also been proposed [22]. However, as no specific
experiments using this scheme have been set forth, it does not seem a realistic
situation for which to prepare PUNCH.)

Another benefit to the addition of the constant bases is the possibility of
working with more than four bases. Just as it is possible to expand the amino-
acid alphabet through the use of such “unnatural” residues as dipropylglycine
and dibutylglycine [3], there exist several nonstandard nucleotide bases [23] that
can offer perhaps more versatility to bit set design. These bases are represented
by slots 5-8 in bases.

The final change that must be made is an adaptation imposed on the function
that ensures base equality. Rather than subtract the percent of each base from
0.25, they must be subtracted from 1/bases. However, in this instance, it may be
preferable not to score for equality, since the goal is to show that a three-base
system has a head start in terms of folding on its own.
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When restricted to a three-base alphabet, PUNCH produced a sequence with
absolutely no secondary interactions, implying that the choice of a three-base
alphabet may be a good one.

6 Future Directions

When used to generate bit sets for a protocol like that of Liu et al. [20], PUNCH
seems perfectly adequate in its current structure. It is possible that better scor-
ing routines could be discovered, but the architecture of PUNCH is correctly
designed to test, evolve, and output a single bit set to use in an experiment.

When PUNCH is used with the parameters of our experiment [9], however,
it may be apparent that PUNCH lacks one key feature: It only generates one bit
set, and our protocol calls for 2° = 512 strings. To be more exact, the protocol
requires two bit sets, not one, each containing N bits of length B. Each of the two
bit sets represents a different bit designation, i.e. 0 or 1, and the 2 combinations
compose the entire combinatorial library of N-bit binary numbers.

Furthermore, PUNCH does not make allowance for the existence of spacer
sequences between the bits. In our experiment [9], 5-nt spacers separated the
15-nt bits. The spacers therefore had to be dissimilar to the bits themselves,
not cause secondary interactions once in place, and not cause any unforeseen
sequences to come into existence when taken in combination with the bits on
either side.

Some adjustments can be made to PUNCH, as a future exercise, to account
for these discrepancies. Rather than a single three-dimensional (N_B_V') array,
one could begin with three such arrays, two of dimension N_B_V and one of
(N —1)_5_V, where S is the length of a spacer sequence. (The adjustment to
the dimension of N — 1 must be made since spacer sequences fit between bits.)

The two similar-sized arrays represent the two binary possibilities, 0 and 1.
Rather than evaluate and compare each bit set on a single array, however, one
should evaluate and compare the average score of the 2V sequences generated
by the combination of each bit set with the corresponding Vth bit set in the
other array and the spacer sequences. In other words, for every N-bit binary
number, generate and test a bit set of length N(B + S — 1). It should be easy
to evolve the bit sequences and spacer sequences in a similar manner to that
already performed.

One key feature of PUNCH is its adaptability to various criteria. Built into
the robust architecture is the opportunity to alter, remove, or add functions as
necessary. This is especially true of the scoring routine-future users can make
very simple modifications to the existing function and plug in their own scoring
routines. This would be beneficial if the new scoring routine is either more accu-
rate than existing ones, or at least better suited to the specific DNA computing
protocol whose bits it is intended to optimize.

Equally important, in terms of flexibility, is the simplicity with which one can
change a defined value. Unlike PERMUTE, the program our laboratory used to
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design bit sets for the Knight Problem [9], PUNCH does not begin with a hard-
coded notion of how many bits it needs to produce, their length, or several other
factors. Each of a handful of globally defined constants can be readily altered to
meet the needs of the researcher.

Perhaps the most useful future application of PUNCH is one of its original
intentions: determining the limits of current methods. Graphing the highest at-
tainable score for various numbers of bits at constant length, for example, could
show a trend that would plummet before a certain N. This would uncover flaws
in certain current methods, since perhaps it is impossible to design, say, over
108 “unique enough” 8-mers [I1], which would force scientists to rethink their
approach to that problem.

Critics of DNA computing have said that the field perhaps rewards impracti-
cal proof-of-concept experiments before discussing their scalability. PUNCH can
help identify which experiments may not be realistic on a larger scale. Or, rather
than dismissing unpromising protocols entirely, PUNCH may help point to the
combinatorial issues that would otherwise hold them back.
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Abstract. Our main goal in this paper is to give molecular solutions
for two NP-complete problems, namely Subset-sum and Knapsack, in a
sticker based model for DNA computations. In order to achieve this, we
have used a finite set sorting subroutine together with the description of a
procedure to formally verify the designed programs through the labeling
of test tubes using inductive techniques.

1 Introduction

The sticker model was introduced by S. Roweis, E. Winfree et al [3] as an abstract
model of molecular computing based on DNA with a random access memory and
a new form of encoding the information.

The main goal of this work is the resolution, in this model, of two NP-
complete problems: the Subset-Sum problem and the Knapsack problem, in its
0/1 bounded and unbounded versions.

The information is represented in the sticker model in a different way from
that used in the Adleman-Lipton paradigm. A (n,k, m)-memory strand, with
n > k- m, is n bases in length subdivided into k£ non-overlapping substrand
each m bases long. The substrands should be significantly different from each
other. A sticker associated to a (n, k,m)-memory strand is m bases long and
complementary to exactly one of the k£ substrands in the memory strand. If
a sticker is annealed to its matching substrand on a memory strand, then the
particular substrand is said to be on. If no sticker is annealed to a substrand, then
the region is said to be off. A (n,k, m)-memory complex is a (n, k, m)-memory
strand along with its annealed stickers (if any). In a direct way, (n, k, m)-memory
complexes represent bit strings of {0, 1}*. For this reason, it is usual to identify
them either as binary functions (o : {1,...,k} — {0,1}, such that o(i) = 1 if
and only if the -th substrand is on), or as subsets of {1,...,k} by means of the
characteristic function.

Within the sticker model, a tube is a finite multiset whose elements are
memory complexes (that is, a collection of memory complexes where each one
can be repeated). The following operations over tubes of the sticker model are
used in this paper:

— Merge (T1,T»): the memory complexes from the tubes Ty, T are combined
to form the multiset union of all strings in the two input tubes. We write
Merge(Ty,To) = T1 U Ty as well.

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 161-{I71I] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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— Separate (T,i): Given a tube, T, and an integer, i (1 < 7 < number of
substrands that form each complex of T'), create two new tubes, +(7’,¢) and
—(T,14), where +(T, i) (resp. —(T’, %)) contain all strings of T" having the i—th
substrand set to 1 (resp. set to 0). We write (T1,T2) < separate(T,i) to
indicate that T4 = +(T,4) and To = — (T}, 1).

— Set (T,1i): Given a tube, T, and an integer, ¢ (1 < 4 < number of substrands
that form each complex of T'), this operation produces a new tube where the
i—th substrand of each memory complex in 7" is set to 1. That is, the sticker
for that bit is annealed to i-th region on every memory complex in 7'.

— Read (T): Given a nonempty tube T, this operation reads its content. For
that, one memory complex must be isolated from 7" and its annealed stickers,
if any, determined.

A (k,l)-library, with 1 < k < [, consists of memory complexes with k sub-
strands, the first [ substrands are either on or off, in all possible ways, whereas
the last & — [ substrands are off.

In Section 2, the problem of sorting the elements of a finite family of finite
sets, according to their cardinality, is studied, and for the first time, a program
that is able to solve this problem is described within the sicker model. If it is
taken into account that just two molecular operations have been used, namely
separate and merge, the program designed can also be considered as a program
within the unrestricted model of Adleman [If].

In Section 3 we give a filling subroutine within the sticker model to encode
the weight of subsets regarding a given positive function that will be used in
following sections.

In Section 4, we give a molecular solution within the sticker model for the
Subset—Sum problem, using the sorting by cardinality program and the filling
subroutine. Formal verification of the programs designed in Sections 2, 3 and 4 is
established through the prior labeling of the distinct tubes which appear in the
execution. Then we prove the soundness and completeness of these programs
using inductive techniques and analyzing the history of every molecule in the
initial test—tube along the process.

In Sections 5 and 6, we give molecular solutions, within the sticker model,
for Knapsack problem (0/1 bounded and unbounded versions), based in both
the sorting by cardinality program given in Section 2, and the filling subroutine
given in Section 3.

All designed programs use a linear number of tubes, and the number of
molecular operations is, basically, quadratic.

2 Sorting by Cardinality

Problem: Let A = {1,...,p}, B = {b1,...,bs} C A, F = {D;,...,D;} C
P(A). Sort the sets of F according to their relative cardinality to B (that is,
according to the number of elements of BN D;).

Next, we will design a molecular program within the sticker model which
solves the above problem.
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— The input tube, Ty, will contain memory complexes, o, based on DNA, en-
coding each set of the family F. For this, each complex of Ty will be repre-
sented through a boolean function, that is, 7o = {{o : 0| =p A 3j (xp, =
0)}}, where xp, is the characteristic function of Dj; in A (xp, (i) = 1 if
1€ Dj, and XDj(i) =0ifi e A—Dj).

— The program consists of a main loop FOR with s steps. In the i—th step,
i+ 1 tubes, Tp,Th,...,T;, are generated verifying the condition: Vo (o €
T; — o N{b1,...,b;}| = j). In order to achieve this, we design the body
of the loop by induction. Once the tubes Ty, T, ...,T; corresponding to the
i—th step have been built, the tubes of the next step Ty, T1,...,1;, ;41 are
generated in this way:

To = —(To, bit1)
Tj = +(Tj-1,bip1) U =(Tj,biy1) (1 <7 <)
Tiv1 = +(Ti, big1)

The execution of the molecular program can be described starting from a rooted
graph that we denominate labeled merge—binary tree that is defined by recursion
as follows:

— A node with a label is a labeled merge-binary tree of depth 0.
— Let A be a labeled merge-binary tree of depth h. From it, a labeled merge—
binary tree, A’, of depth h + 1 is built in this way:
o Initially, each leaf of A determines two children.
e The right child of each leaf and the left one of the next leaf give a node
of A’ whose label is the composition of the labels of this children by a
certain fixed binary operation.

In the description that has been carried out so far, the nodes of the merge—
binary tree of execution are labeled by means of tubes. The left and right chil-
dren of a tube, T', of depth h are labeled starting from the separate operation:
(Theft, Tright) <— separate(T, by+1). Finally, the binary operation considered is
the molecular merge operation applied to the tubes indicated by the labels of
the nodes.

These ideas suggest the following molecular program:

Input: (7o, B)
for i=1 to s do
(To,Ty) < separate (Tp,b;)
for j=0 to 72— 1 do
(T}, T}, ,) < separate (1},b;)
T, —T/UT/
end for
end for
Output: 7p,...,7%
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The procedure described will return s 4+ 1 tubes and we will note them as:
Cardinal_sort(Tp, B)[j], (0 < j < s). We have that |Cardinal_sort(Tp, B)
)l = J.

This molecular program uses 2s tubes and the number of molecular opera-
tions is @

Let us note that the program we have given to solve the sorting problem
is valid in a model without random access memory, like the unrestricted model
of Adleman. The simplest way to see this is to adapt the input tube, replacing
memory complex for single strands of DNA.

To establish the formal verification of the algorithm program, we will proceed
to label the tubes obtained along the execution so that we can individualize them
in any moment of the running.

Input: Ty
To,0 «— To; To,—1 — 0; To1 0
for i=1 to s do
Ti-1 —0; Tiip1 <0
for =0 to 7 do
Tij — +(Tiz1,j-1,0)) U —(Ti-1,5,b:)
end for
end for
Output: Tso,...,7s,s
By means of convenience, we assume that Ty 1 =Ty = (0, and we will note
B; = {b1,...,b;}, and, by definition, we will take By = 0.

Proposition 1. Vi (1<i<s—Vj<iVo (6 €T;; — |oNB;| =7)).
Proof. By induction on 4. Let us see that Vj <1Vo € T1; (Jo N Bi| = j).

— Let 0 € T170 = +(T07,1,b1) U 7(To’o,b1). Since T07,1 = @ and TO,O = To, it
results that o € —(Tp, b1), that is, by ¢ o. Then, |0 N By| = 0.

— Let 0 € T171 = +(T0’0,b1) U 7(T0’1,b1). Since T071 = @, it results that
(S TO,O =Ty and by € o, then |UQB1| =1

Let i (1 < i < s) be such that Vj < i Vo € T;; (Jo N B;| = j). Let us
see that the result verifies for ¢ 4+ 1. For it, we now proceed by induction on j:
V_] <i+1Voe Ti+17j (|O’ﬂBi+1| :j)

— Leto € Tit1,0 = +(T5,—1,bi41)U—(T5.0, biy1). Since T; 1 = (), it results that
o € T; 0 and bj41 ¢ o, by induction hypothesis we deduce that |o N B;| = 0.
So |0 N B;11] =0, since b1 ¢ o.

— Let j>0and o € E+1,j = +(T17j71,bi+1) U 7(ﬂ’j,bi+1). Then

o If o € T; ;1 and b1 € o, by induction hypothesis we have that |o N
B;| = j— 1. Since b; 11 € o, we conclude that [oNB;11|=j—14+1=j.

o If o €T} ; and b1 ¢ o, by induction hypothesis we have that |c N B;| =
J. As bip1 ¢ o, we have |c N B;11] = J.
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Proposition 2. Vo € Ty Vi (0<i<s— 0 €T} ong,)-

Proof. By induction on 4. For ¢ = 0, the result is trivial.
Assume the result holds for ¢ (0 < ¢ < s); we will prove it for ¢ + 1.

— If bi41 € o, we have |0 N B;y1| = 1 + |o N B;|. By induction hypothesis,
0 € Tj onB,|, then 0 € +(Tj jonB,)» bit1) € Tit1,jonB|+1-

— If bit1 ¢ o, then 0N B;y 1| = |ocNB;y|. By induction hypothesis, o € T} |,n5,|,
then o € —(T; jonB,|> bi+1) € Tiv1,jonB:| = Tit1,jonBis|-

From the preceding propositions it may be concluded, respectively, soundness
(every molecule of the output tube provides a correct solution associated to
that tube) and completeness (every molecule of the input tube appears in the
corresponding output tube, according to its cardinality) of the designed program.

Corollary 1 (Soundness). Vj Vo (0<j<s Ao €Ts; —|ocNB|=j).

Corollary 2 (Completeness). If 0 € Ty and |c N B| = j, then o € T ;.

As cases of particular interest, that we will use in other molecular programs,
we get the following:

— Cardinal_sort (1), when B = A.
— Cardinal _sort(7p,l, k), when B = {l,l+1,...,k}.

3 A Filling Subroutine

In this section we show a molecular program that will be used as auxiliary
subroutine to solve the Subset—Sum problem and the Knapsack problem in the
following sections.

Let A ={1,...,p}, r € Nand f: A — IN a function. If B C A, we
note f(B) = > ,cp f(i). For convenience we define f(0) = 0. Let ¢y = f(A),
A; ={0,...,i} (0 <i<p)and Ty a multiset of (n, k, m)-memory complexes, o,
with k > p+7r+qy.

As it was seen in the previous section, each o € Tj) encodes a subset B, C A
characterized by the condition B, = {i: 1 <i<p A o(i) = 1}, and recipro-
cally, each subset, B C A, can be encoded by a molecule o € T, characterized
by the condition: op(i) = 1 if and only if i € B.

If o0 € Ty, we can suppose that it is formed by the following zones:

(Ao) =0(1)...0(p), (Fo)=o(p+r+1)...0(p+7r+qy)
(Lo)=o(p+1)...o(p+r), (Ro)=o(p+r+qs+1)...

The subroutine works over Ty, and it modifies their elements making that
the molecules of the output tube store in (F'o) the weight, regarding f, of the
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subset of A encoded in (Ao) (zones (Ro) and (Lo) have no effect in the process,
but they will be useful for a general use). That is:

p+r+qy
Yoo@fiy= Y ()
=1 j=p+r+1

The designed program will be noted Parallel Fill(Ty, f,p,7):

Input: (Ty, f,p,7)
for 1=1 to p do
(T+,T7) « separate(Tp,1)
for j=1 to f(i) do
T — set(TH,p+r+ f(Ais1) +7)
end for
Ty < merge (TT,T7)
end for
Output: Ty

To establish the formal verification of the algorithm, we will proceed to label
the tubes obtained along the execution.

Input: (To, f,p,7)
for =1 to p do
(T{B,Ti_) «— separate(T;_1,1)
for j=1 to f(i) do
Tf] — Set(TiTj_ppJFT’Jrf(Aifl) +7)
end for
T; < merge (Tiff(i),ﬂf)
end for
Output: T},

For each ¢ (1 < i < p) we consider the following regions:

Ri={p+r+f(Ai1)+1,....p+7+ f(4)}

Definition 1. For each o € Ty and each k (1 < k < p), we will note o* the
molecule obtained from o after the execution of the k—th step in the main loop
of the program.

That is, the molecules o* provide the history of the molecule o of the input
tube, while the program is running. Keeping in mind the syntactic structure of
the program, it is straightforward to prove the following results:
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Lemma 1.

1. The initial zone of the molecule (encoding the subset of A) does not change
along the execution of the program; that is,

VoeTyVk (1<k<p— (Ao) = (Ac¥)) (1)

2. The molecules that are obtained in the k-th step of the main loop are stored
in the tube Ty ; that is,

VoeToVk (1<k<p—ofecTy) 2)

3. Ewvery molecule of the k-th tube comes from some molecule in the initial tube;
that is,

VE(1<k<p—V7eT,ocTy (c*=1)) (3)
4. The execution of a step of the main loop does not modify the regions corres-
ponding to previous steps; that is,
VoeTyViVk (1<i<k<p—olp =or) (4)
5. After the execution of the i-th step of the main loop, the region R; of o has
been modified to agree with the value of o(i); that is,

VoeToViVk (1<i<k<p—ofp =o(i)) (5)

6. The execution of a step of the main loop does not modify the zones (Lo) and
(Ro); that is,

VoeTyVk (1<k<p— (Lo)=(Lo*) A (Ro) = (Ro")) (6)

The following result assures us that the main loop modifies the regions R; of
the molecules to encode the partial weight of the set represented by each one of
them.

Proposition 3. Let B C A such that op € Ty, then for each k (1 < k < p) we
have that:

p+r+f(Ax)
FBO{L k)= >0 oh()
j=p+r+1
Proof. From (1) it follows that
k k

FBO{L. k) =Y ) opi) = f(i)-oh(0)

i=1 i=1
On the other hand, (1) and (5) assures that

F(0)-o(i) = oh(j) (1<i<k)

JER;
Corollary 3. For each B C A such that op € Ty there exists T € T}, such that
+r4
F(B) = X5, i)
Proof. Given B C A, let us consider the associated molecule og € Tg. It suffices
to consider 7 = 0%, since f(B) = f(BN{1,...,p}) = Y0171 o2 (j).
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4 Subset-Sum Problem

Problem: Let A={1,...,p} and w: A — IN a weight function. Let k € IN be
such that k < w(A) = qy. Determine whether there exists a subset B C A such
that the sum of the weights of the elements in B 1is, exactly, k.

Next we will design a molecular program within the sticker model that solves
the Subset—Sum problem. The input tube, Ty, will be a (p + ¢, p)-library. In
a first stage (filling), each molecule, o, of the input tube is filled in order to
obtain in their last ¢ components the weight of the subset that it encodes; the
molecules of the resulting tube of the previous stage are ordered according to
their cardinality. Finally, the k-th tube is read: it contains the molecules from
the input tube encoding subsets of A of weight k, if any.

These ideas suggest the design of the following molecular program:

Subset_Sum(p, w, k)
qQu Zf:l w(i)
Ty < (p + quw,p)-library
T, <« Parallel Fill(Tp, w,p,0)
Tout — Cardinal sort(Ti,p+ 1,p+ qu) [K]
Read (T,ye)

The number of used tubes (including the subroutines) is 4 + 2¢ and the
number of molecular operations is 2p+ ¢+ 1 + @.

The following result shows the soundness of the molecular program; that is,
every molecule in the output tube encodes a correct solution for the Subset—Sum

problem.

Theorem 1 (Soundness). If T,,: /=0, then there exists B C A such that
w(B) = k.

Proof. Taking T € T,y:, and applying (3) and proposition 3, we obtain o € Tp
verifying the result for B,.

Next theorem proves the completeness of the given molecular program; that
is, every molecule in the input tube encoding a correct solution of the Subset—
Sum problem, is in the output tube.

Theorem 2 (Completeness). Let o € Ty be such that w(B,) = k. Then
Tout /:Q)

Proof. Let o € Ty be such that w(B,) = k, from corollary 3, after the execution
of the filling subroutine, we have a molecule 7 = o” € Tj such that w(B,) =

+qw .
f:;fﬂ (i). Then T € Ty

Note. The above program does not only solve the problem of decision, but
rather, it returns all the solutions to the problem. If we only wanted to solve
the decision problem, once the filling stage has been executed, we could use
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some appropriate restriction enzymes which remove from each molecule, o, in
the tube T}, the initial region (Ac), and then apply an appropriate procedure
Cardinal_sort, so that we may work with molecules of smaller length in the
final stage.

5 0/1 Bounded Knapsack Problem

Problem: Let A = {1,...,p} be a non empty finite set, w: A — IN a weight
function, and p : A — IN a function of values. Let k, k' € IN be such that
k< w(A) = qu and k' < p(A) = q,. Determine whether there exists a subset
B C A such that w(B) <k and p(B) > K'.

Next we will design a molecular program in the sticker model that solves
the problem 0/1 bounded Knapsack problem: we begin with a (p + g + g,, p)-
library. In a first stage (filling), we proceed as in the previous program: each
molecule of the initial tube is filled appropriately so that it encodes the weight
of the associate subset; next the molecules, o, of the resulting tube are ordered
according to the cardinal of w(Ac), being obtained some tubes, Ty, . .., Ty, , such
that Yo (0 € T; = |w(Ao)| = j). With the tube Ty U --- U T} a second stage
of filling is carried out, regarding the function of values. Then, the molecules, o,
from the resulting tube are ordered according to the cardinal of p(Ac), being
obtained, again, some tubes, Tp, ..., Ty, , such that Vo (o € Tj = |p(Ao)| = j).
Finally, the tube T} U- - -UTy , containing the encoded solutions to the problem,
is read.

These ideas suggest the following molecular program:

Knapsack(p, w, p, k, k")
Gu — 2p_ w(i); g < 37 p(i); To — (p+ dquw + gp, p)-library
To — Parallel Fill(7Ty, w,p,0)
Cardinal_sort(Ty,p+ 1,p + qw)
T1 — (Z)
for 1=1 to k do
T, < merge (T7,Cardinal sort(To,p+ 1,p+ qu)[i])
end for
To «— Parallel Fill(Ty, p,p, quw)
Cardinal sort (Tp,p+ quw + 1,0+ quw + qp)
T1 — @
for i=Fk to ¢, do
T; «— merge (T7,Cardinal_sort(Ty,p+ quw +1,p+ quw + ¢,)[i])
end for
Read (T})

The number of tubes used by the program (again, including the subroutines)
is 54 2-max{quw, ¢, }, and the number of molecular operations carried out in the

execution is 4p + k — k' + qw'(qurs);q”'(q”Jrﬂ + 1.
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The formal verification of this program is similar to the one for the Subset—
Sum problem, we omit its proof since it does not show any new ideas for the
verification methods for the sticker model.

6 0/1 Unbounded Knapsack Problem

Problem: Under the same conditions as the Knapsack problem, determine a
subset B C A such that p(B) = max{p(C): C C A AN w(C) < k}.

A molecular solution is obtained from the solution of the bounded problem,
changing the final output stage: after the sorting of the tubes regarding the
function of values, we will choose the non empty tube with bigger index.

Unbounded Knapsack (p, w, p, k)
Guw — iy w(i); qp < 220 p(i); To < (P + quw + gy, p)-library
To < Parallel Fill(Tp, w,p,0)
Cardinal sort(Ty,p+ 1,p + quw)
Ty — 0
for i =0 to k do
Ty « merge(Ty,Cardinal sort (To,p+ 1,p+ qu)[i])
end for
To < Parallel Fill(T1,p,p, quw)
1 (qp; t+0
Cardinal sort (Tp,p + quw + 1,0+ quw + qp)
while t>1 A t=0 do
T" « Cardinal_sort (To,p + quw + 1,0 + quw + ¢,) [{]
if T /<) then: Read(T"); t« 1
else: 1«—1—1
end while

The number of tubes used by the program is 5+ 2 - max{qw,¢q,}, and the
number of molecular operations carried out in the execution of the program,
dp+k — K + qw'(q‘”%);q”'(q’ﬁg), is easily obtained from the bounded case.

7 Conclusions

In this work, a molecular program that allows us to sort a finite family of finite
sets, according to their cardinality, has been presented within the sticker model.
In order to achieve this, we have used a new technique which is different from
the one used by S. Roweis et al [3] to solve the Minimal Set Cover problem.
Also, we have designed original molecular programs in the aforementioned
model that solve the Subset—Sum problem and the Knapsack problem (0/1
bounded and unbounded versions), which are NP—complete problems. As a sub-
routine, we present a molecular program (Parallel Fill) within the sticker
model that performs the computation of the weight of subsets regarding a given
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function. The molecular solutions presented of Subset Sum and Knapsack prob-
lems use a linear number of tubes, and the number of molecular operations is,
basically, quadratic; nevertheless, the volume of required DNA (space complexi-
ty) to perform the computations may vary by exponential factors.

We present formal verification of the designed programs, proving soundness
and completeness of these programs through the labeling of tubes and using
techniques of induction.

The study of the formal aspects of molecular programs opens up a new re-
search field for their automatic processing by means of theorem provers (ACL2,
PVS, ...). The production of prototypes which are able to be executed regarding
molecular computational models within the framework of theorem provers, will
allow to automate both the soundness and completeness of molecular programs,
which have been designed within these models.
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Abstract. A DNA algorithm for SAT, the satisfiability of propositional
formulae, is presented where the number of separation steps is given by
the number of clauses of the instance. This represents a computational
improvement for DNA algorithms based on Adleman and Lipton’s ez-
traction model, where the number of separations equates the number of
literals of the instance.

1 Introduction

Since seminal Adleman’s experimental DNA solution of a Directed Hamilto-
nian Path Problem [I], many experiments, based on molecular biology methods,
were carried on to solve hard combinatorial problems. In fact, DNA provides
a massive computational parallelism which allows us to attack combinatorial
problems that, in terms of conventional computation models, are intractable
(technically, deterministically solvable in a time that is not polynomial with
respect to the dimension of the instances [6]). In the area of formal language
theory, a great number of theoretical studies [19[16l4], related to mathemati-
cal models of DNA recombinant behavior, were inspired by this experimental
possibility. Recently, in the context of DNA computing, membrane computing,
and aqueous computing the combinatorial NP-complete problem SAT, of satisfi-
ability for formulae of propositional logic [6], was considered by several authors,
e.g. [[2QT7RI202T124IR23]. In general, in many different fields — ranging from
classical combinatorial analysis to statistical physics — there is a growing inter-
est in using SAT as a practical tool for solving real-world problems [22]7]. In
this paper we apply a sort of duality principle which transforms the candidate
solutions expressed as Literal Strings in [21] into Clause Strings. This will allow
us to reduce in a remarkable way the number of more critical DNA operations
necessary to solve the propositional satisfiability, according to the Adleman and
Lipton’s canonical model of DNA computing [3].

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 172-{I81] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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2 Propositional Satisfiability

SAT can be formulated in the following way. Given a propositional formula @, i.e.
an instance for SAT, find if it can be satisfied for some values of its propositional
variables (i.e. ¢ € SAT).

An equivalent formulation, directly derived by the clause representation of
propositional formulae, can be expressed in terms of solvability of a system of
boolean equations. Let us say literal any boolean variable or any negation of a
boolean variable. Consider a system of equations over the boolean algebra of
the truth values 0,1 with the unary operation of negation (—) and the binary
operation of disjunction (V) such that -0 =1,-1=0,0v0=0,1v1=1,0v1 =
1,1V 0 = 1. Assume that in every equation the left member is a disjunction of
literals, called a clause, and the right member is 1. We say assignment the values
associated to the variables. An instance (expressed as boolean equations) belongs
to SAT if there is an assignment that satisfy all equations of the system.

-X3V X6 V Xg=1
XoV XyVv Xsg=
X3V XV Xn1=1
X1V =XV X5 =

-X5 V X6V X190 =

X3V X4 V-Xy=1

X4V —-XioV-Xi1 =1
X4V —|X5 V X10 =
X5V X7sV X1 =1
X3V =Xy V - Xg=1

-X1V XrVvV -Xg=1
X4V XgV Xo=1
X4V X7V --Xio=1

-XoV XoV-Xi;1=1
X1V XeV " Xg=1
XV = XgV -Xg=1
—-XeV = XgV-Xipg=1
XV X5V X1 =
X1V X7V Xio=1
-X1V X3V -Xg=1

A 3-SAT instance as a system of boolean equations

The instance considered, we call it TAMPA [14], is of type 3-SAT(11, 20) because
it has 3 literals per clause, 11 variables, and 20 clauses. It derives from a 3-
SAT(11, 22) instance randomly generated, that was slightly modified by deleting
the clauses 5 and 12 that resulted to be tautologies (equal to 1 for any value
of their variables) and by performing some other minor changes. Experiments
on its DNA solvability are currently in progress at Laboratories of Microbial
Biotechnology and Environmental Microbiology of the Dipartimento Scientifico
e Tecnologico at the University of Verona [14].
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3 The Extract Model

The canonical computation model of DNA computing remains so far the extract
model of Adleman [I] as generalized by Lipton [12]. This model is based on
two basic parts [5]: 1) a test tube of DNA strands encoding a set of candidate
solutions of the problem (usually obtained by annealing and ligation from an
initial test tube encoding the data), and ii) a procedure that extracts the true
solutions (the “good strands”) from the non-solutions (the “bad strands”). The
extraction procedure can be performed by a minimal set of DNA operations on
test tubes: separate, combine, detect. The operation “separate” takes as input a
test tube T and a sequence S, and produces as output a yes-tube containing the
strands in T where S occurs as subsequence, and a no-tube containing the other
strands of T. The “combine” operation takes as input two tubes and produces as
output a single tube containing the strands of both the input tubes. The “detect”
operation checks if the final test tube contains any DNA strands, and in that
case it chooses one of them and determines the sequence of their nucleotides.
Due to the DNA realization of these operations, the computational cost of a
DNA computation can be identified with the number of separation steps.

Other operations can be incorporated in the model that are based on PCR,
gel-electrophoresis, restriction enzymes, or more complex biotechnological proto-
cols, but they can be viewed as additional tools for performing separation steps
that are the dominant operations in a DNA computation.

Therefore, according to the paradigm of the extraction model, two parameters
are essential in the evaluation of a DNA algorithm based on this model: i) the size
of the solution space, that corresponds to the amount of DNA necessary to encode
the set of candidate solutions, and ii) the number of separation steps necessary
to get the final test tube. This means that in order to improve DNA algorithms
based on the extract model there are three possible ways, that might be also
integrated: 1) decreasing the size of the solution space [24], 2) finding more
efficient DNA implementation of the operation “separate” [3], or 3) decreasing
the number of separation steps necessary to get the final test tube [20121]. The
best solution, with respect to the third point, would be some implementation
of one big-step separation that could perform all the separations in a time to a
great extent independent from the instance size. Papers [20] and [2I] represent
attempts of separation in a constant time. But in the first case a sophisticated
biotechnology is necessary that needs more experimental work in order to be
applied to significant examples; in the second case, as it will shown later on,
the constant time for separation is obtained by increasing too much the number
of candidate solutions; therefore the problem remains of finding more efficient
implementations that could balance this solution space amplification.

For the further discussion it will be useful to recall the following resolution
schema of the first DNA algorithm introduced by Lipton for solving SAT [12].
Encode all possible assignments by DNA assignment strands where, for each
propositional variable X, a DNA oligonucleotide which encodes either X or =X
occurs in the strand. When a complete pool of assignment strands is supposed
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to be generated, then this pool is filtered by means of separation procedures,
one for each clause. For example for the clause (X3 VvV Xg V Xg) the
strands are separated into two tubes A, B. In A are collected the strands where
(the encoding of) = X3 occurs, while in B are collected those where = X3 does
not occur. The strands of B are then separated into the tubes C, D. In C are
collected the strands where Xg occurs, while in D there are those where Xg does
not occur. Finally, the strands of D are separated into F and F, in E there
are the strands where Xg occur and in F' the remaining strands of D. Then the
strands of A, C, FE are merged in a test tube where the assignments which satisfy
the clause are collected. In general, for any clause, the strands are kept where at
least one literal of the clause occurs. This means that for a clause where k literals
occur we must apply k separation steps. Therefore, in the case of a 3-SAT(n, m)
we need 3m separation steps.

4 Contact Formulations of SAT

SAT is equivalent to the Contact Network Problem [12]. In fact, associate to
every clause C a graph with two nodes, the source and the target S(C), T(C),
and, for every literal in the clause, an edge connecting these nodes labeled by the
literal. Let X1, X5,..., X, and Cy,C5,...,C,, be the variables and the clauses
of our instance. Then, connect the target of C; with the source of C;yq, for
i=1,...,m—1.

s(01)—f(01) T(C2) —X—T(C3) = T(C4)
*= | S(CQI + s(c3y ¥ rs(cd Y +
A 7 A

- -

A Contact Network Instance

The following algorithm and an ingenious DNA implementation of it, which
uses DNA hairpin structures, was described in [9].

Jonoska et al’s algorithm:

Consider many copies of a graph G that is an instance for the Contact Network
Problem. Separate these copies into two different almost “equivalent” pools A, B.
Remove in all the graphs of A the edges labeled by X; and in the graphs of B
the edges labeled by —X;. Unite the resulting pools into a unique pool and apply
the same procedure (separation, edge removing, unification) for X, ..., X,,. The
original propositional formula can be satisfied if, at end of this process, a graph
remains that connects the source of the first clause with the target of the last
one.

In the following, Lit(C) is the set of literals of the clause C, and Cla(L) is
the set of clauses where the literal L occurs. Let us call theory a set of clauses
and diagram a coherent set of literals (no literal and its negation can occur
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both in a diagram). Then Lit and Cla can be extended as functions from the
theories to the sets of diagrams, where a natural ordering relation is given by
the usual set inclusion. It is easy to verify that in this way Lit and Cla define a
Galois correspondence (a pair of functions between ordered sets which reverse the
order). This is a special case of a more general correspondence between models
and theories in the first order logic, and will be the basis of our formulation of
SAT given in the next section (the central role of Galois correspondences in the
solvability of algebraic equations is a well known fact which was the basis of
modern algebra).

The Contact Network Problem transforms easily in the following Literal
String Problem, that is, the problem of finding paths (if any) connecting all
the clauses by using a constructive approach rather than a destructive one, as in
Jonoska et al.’s algorithm, followed by a successive eztraction procedure.

Assume a pair of nodes, source and target S(C),T(C) for any clause C. The
following algorithm was described in [21].

Sakamoto et al’s algorithm:

Assume a pool of elementary graphs, each one constituted by an edge labeled
by a literal L that connects the nodes S(C),T(C) if L belongs to Lit(C). Then
start a linking process that constructs a literal string by adding an edge between
a target of a clause and the source of the next clause (w.r.t. a prefixed order
of the clauses). After that, a decimation of the paths is performed by applying
a test which controls whether a given path is incoherent, that is, whether a
literal label occurs in both its positive and negative forms. Any literal string
that results to be incoherent is then removed. The initial propositional formula
is satisfiable if, at end, some coherent contact paths remain after the elimination
of the incoherent ones.

The following diagram is relative to a SAT(3,4) instance.

T(C4
s(C1) T(C1) S(C2} T(C2) 3(C3) T(C3) S(C4q (c4)
a € Lit(C1) B e Lit(C2) ~v € Lit(C3) 0 € Lit(C4)

Literal Strings

The strings: (X =Y X Z), (=Y =Y X Z), (Z =Y X Z) are some coherent literal
strings, in the case the clauses are those given in the contact network instance
above.

It is easy to realize that for a 3-SAT instance the solution space of this algo-
rithm is 3 where m is the number of clauses. A DNA solution of this algorithm
has been implemented for a 3-SAT(6, 10) instance in [21]. This algorithm uses a
more complex separation method that is based on hairpin formation rather than
on hybridization-affinity. In this way the separation procedure can be made in
a constant time (by using traditional separations, 4n steps would be necessary,
where n is the number of variables). However, although the method is really
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interesting, and requires a constant time for separation, in its actual form the
size of the solution space is a strong limitation for its scale up. In fact, typically
the number of clauses is about 3 or 4 times the number of variables.

5 Clause String Formulation of SAT

Let us consider another contact formulation of the propositional satisfiability, in-
troduced in [13], that is related to the Galois correspondence (Lit, Cla) indicated
in the previous section.

Consider the pair of nodes S(X),T(X) (source and target) for each variable
X. A dual perspective of the literal string formulation of SAT leads to the
following algorithm.

A clause string algorithm:

Assume a pool of elementary graphs where S(X), T (X) are connected either with
an edge labeled by Cla(X), or with an edge labeled by Cla(—X) (the clauses
where X occurs and those where =X occurs, respectively). Then start a linking
process building the clause strings where the target of a variable is linked to the
source of the next variable (according to a prefixed order of the variables).

The clause strings coincide with the paths of the graph above that connect
one node of the first variable with one of the last variable. A clause string is
complete if each clause belongs to some set that occurs as a label. Remove the
clause strings that are not complete. If some complete clause strings remain,
they are solutions of the considered instance of SAT.

SED cla(IXD  $(X2) cla(x2)T(X2) SU3) c1a(x3) T(X3)

Cla(—X1) Cla(—X2) Cla(—X3)
S(X1) T g(x2) T(X2)  g(x3) T.(XB)

Clause Strings

It is easy to realize that the solution space of the clause string algorithm is
2™ where n is the number of variables. Moreover, as it will be completely clear
in the following section, the number of separations that are necessary in order
to extract the solutions are m, that is the same number of the clauses of the
instance. This fact implies the possibility of a scale up in the DNA solution of
SAT, independently from any DNA implementation of the separation steps.

Another advantage of representing candidate solution by means of clause
strings is due to the fact that a clause is encoded several times in a clause string,
as much as it can belong to Lit(L) for several literals L (3 in the average case,
for 3-SAT). This aspect will give for free an increasing in the probability of
the expected hybridizations necessary for separations, according to the analysis
developed in [2] for double encoding.
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In order to define our DNA algorithm we use a further formulation of SAT.
In fact, we encode the clause string formulation of SAT in terms of the Bipartite
Covering Problem problem (BCP) that can be stated in the following way.

Given a finite set C' and n pairs of subsets of C: A;/B,...,A,/By, such that
A;iNB;=0fori=1,...,n, find (or at least, say if it is possible to find) n sets
Yi1,...,Y, such that C =Y, U---UY,, and either Y; = A; or Y; = B;.

It is a simple exercise to transform any instance of SAT into an equivalent
instance of BCP and viceversa. The following is the BCP formulation of the
3-SAT(11,20) instance TAMPA, already given as system of boolean equations.
For the sake of brevity, we use the indexes of clauses instead of clauses, follow-
ing the order of the boolean equations; however, in order to keep the original
indexes of the randomly generated instance, numbers 5 and 12 are skipped (for
i=1,...,11, we put Ai = Cla(X1i) and Bi= Cla(—X71)).

A1/B1 = 41721 / 1322
A2/B2 = 220 / 4,16
A3/B3 = 31122 / 17
A4/B4 =2914,15/ 87,11
A5/B5 = 410 / 6,920

A6/B6 = 16,17 / 18,19
A7/B7T = 31321 / 10,15
A8/B8 = 1214 /13,17,18,19

A9/B9 = 14,16 / 11,18,22
A10/B10= 6,921 / 7,8,1519
Al11/B11= 31020 / 8,16

The BCP Instance

6 The DNA Algorithm

Now we encode Al, B1, ..., All, B11 with DNA dominoes, that is, DNA
molecules constituted, for every ¢ = 1,...,11, by two different central parts
corresponding to Ai and Bi, but having the same left sticky end Xi, and the
same right sticky end —Xi+1. For every ¢ = 1,...,11, Xi and —Xi are comple-
mentary DNA single strands. This means that we have, for any variable Xi, two
dominoes with sticky ends (Xi, —Xi+1) where in the middle there are encoded ei-
ther all the clauses satisfied by Xi or all the clauses satisfied by —Xi, respectively.
For example, the dominoes for A3 and B3 have the following shape:
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DNA dominoes encoding A3 and B3

The sticky ends may correspond i) either to sites of non-palindromic re-
striction enzymes obtained by bigger purchased oligos after amplification and
digestion with the enzymes relative to the linkers, ii) or to dominoes obtained
from single stranded DNA molecules as in the original Adleman’s approach (see
[25] for a detailed analysis of the second method).

Now, put in a test tube many copies of the dominoes Al, B1, ..., An, Bn.
After annealing and ligation of complementary sticky ends, we expect to obtain
a pool of linked DNA dominoes (actually, X1 and X12 do not perform any link,
but can be useful for amplification by PCR).

X1 | X2 |
Al/ Bl A2 / B2

| -x2 -X3

A DNA string with two dominoes

If we indicate by the oligo Li the pairing of the two complementary strands
—Xi and Xi, which acts as a linker between two dominoes, then a long string of
dominoes where all the linkers occur will have the following shape:

X1 |

Al / Bl | L2 | A2 / B2 L11 All / B11 | -x12

Linked DNA dominoes
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Our algorithm is based on the validity of the following proposition that fol-
lows from the analysis so far developed.

Proposition
DNA strings where all the clauses are encoded represent solutions of our instance.

7 Conclusions

The proposed algorithm is really different from Lipton’s method of generating
assignments and then filtering them (which a lot of DNA algorithms for SAT
are based on). But, it is also really different from the approach of generating 3"
literal strings (m clauses, where typically m is three or four times the number
of variables) and filtering them by ‘coherence’ [21].

In fact, we have shown that we can generate clause strings and then filter
them by ‘completeness’. This leaves the dimension of the solution space the same
as in Lipton’s method, that is 2" (n variables), but in this case m separations are
enough, whereas the number of separations necessary in the Lipton algorithm is
given by the number of literals (or the number of binary connectives plus 1). This
means that in the case of a 3-SAT instance the number of dominating operations
in our case is one third with respect to the algorithms based on Lipton’s schema.
This analysis is independent from any particular DNA implementation that our
algorithm is based on. In other words, any DNA algorithm for SAT that is based
on: 1) a ligation protocol of small DNA ‘pieces’, and 2) a separation protocol
for filtering the solutions in the pool of candidate solutions, can be improved
if candidate solutions express clause strings rather than assignments or literal
strings. In conclusion, in the class of DNA algorithms for SAT based on Adleman
and Lipton’s extract model the clause strings approach implies a direct scale-
up in the size of DNA solvable instances. Other more theoretical aspects of the
clause string representation of SAT are related to other formulations of SAT in
terms of matrices and membrane systems that are under current investigation
[15] and that could turn to be relevant for DNA computing too.
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A Proposal of DNA Computing on Beads with
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Abstract. We propose a strategy using tiny beads for DNA computing.
DNA computing is a means of solving intractable computation problems
such as NP-complete problems. In our strategy, each bead carries multi-
ple copies of a DNA sequence, and each sequence represents a candidate
solution for a given problem. Calculation in our strategy is executed by
competitive hybridization of two types of fluorescent sequences on the
beads. One type of fluorescent sequences represents a constraint that has
not been satisfied, and the other type a constraint that has been satis-
fied. After competitive hybridization, beads with only the latter type of
fluorescent sequences hold “true” solutions. To extract the beads from
the test tube, we use fluorescent-activated cell sorter.

We describe the approach to DNA computing on beads through SAT
problems. The SAT problem is an NP-complete problem in Boolean logic.
Using Megaclone, which allows DNA strands to be attached to beads,
we show that DNA computing on beads can solve up to 24 variables.

1 Introduction

Since Adleman [1], and subsequently Lipton [2], demonstrated the possibility of
solving NP-complete problems by using DNA [3], biomolecular computation has
become a new vista of computation that bridges computer science and biochem-
istry. They demonstrated an experimental technique for simple examples of the
Hamiltonian path and Satisfiability (SAT) problems. Since then, approaches of
DNA computing to SAT problems have been investigated. In 1998 and 2000,
Smith and Liu proposed a surface-based approach to DNA computation [4J5]. In
2000, Sakamoto et al. proposed an approach using DNA hairpin formation where
the computational paradigm differs from the Adleman-Lipton paradigm []]. Ap-
proaches of DNA computing to the other problems have also been investigated
[AIT0/).

In this paper, we propose a new DNA computational strategy using tiny DNA
beads. A tiny DNA bead is approximately a 5um diameter glycidal methacrylate
bead which carries multiple copies of a DNA sequence [15]. In typical cases,
each bead carries about 105 copies of a DNA sequence [I5]. In our proposal,
we assume each DNA bead represents a candidate solution for a given problem.
Calculation in our strategy is executed by competitive hybridization of two types
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of fluorescent sequences on the beads. One type of fluorescent sequences suggests
that at least one of the constraints of the problem is not satisfied, and the
other type of sequences suggests that at least one of the constraints is satisfied.
After competitive hybridization, beads with only the latter type of fluorescent
sequences hold true solutions. To extract the beads from the test tube, we use
fluorescent-activated cell sorter.

In the following sections, we first show our approach to DNA computing on
beads through a SAT instance. Secondly, we explain the experimental techniques
used in realizing our approach.

2 DNA Computing on Beads

In DNA computing on beads, each bead represents a candidate solution for
a given problem, and a set of beads include all the candidate solutions. The
calculation is executed by competitive hybridization to the DNA strands on the
beads. We consider candidates to be the DNA strands that encode candidate
solutions, and co-candidates to be the complementary strands of candidates.
The DNA computing on beads requires the following 6 steps.

1. Create beads so that they contain the entire candidate solutions.

2. Synthesize all the co-candidates that are labeled with a fluorophore.

3. For each constraint of the problem, synthesize co-candidates that don’t sat-
isfy the constraint and label them with another fluorophore.

4. Hybridize competitively the co-candidates to the beads.

5. Extract beads by the fluorescence-activated cell sorter.

6. Read out the strands.

We describe these 6 steps through a SAT instance. The SAT problem is an
NP-complete problem in Boolean logic [3]. An instance of the SAT problem
consists of a set of Boolean logic variables separated by the logical OR operation
(denoted by V, where u Vv = 0 if and only if u = v = 0) within clauses, and
with the clauses separated by the logical AND operation (denoted by A, where
uAv=1if and only if u = v = 1). The problem is to determine whether there
is an assignment of the variables that simultaneously satisfy each clause in a
given instance of the problem [3]. We use the following SAT instance for the
explanation.

(wVzVyVz)A(-wV-oyVz)A(-xzVy)A(-wV z). (1)

As this instance has four variables, there are a total of 24 or 16 candidate solu-
tions.

In the first step, we create 16 kinds of beads. Each bead carries multiple
copies of one DNA strand which represents a assignment of the variables, and
the whole beads contains the solution space (See Fig. [[). In the Fig. [, the
4bit numbers (0000 ~ 1111) that are attached to each bead represent the DNA
strands that encode each assignment of the variables (wxyz) = (0000 ~ 1111).



184 Takenaka Yoichi and Hashimoto Akihiro

Fig. 1. Beads containing the solution space

1st clause 3rd clause
0000 0100 I 1100 I
2nd clause 4th clause
0010 1000 1100
2nd step 3rd step
labeled by Cyb labeled by R110

Fig. 2. Complement strands made in the 2nd and 3rd step

In the second step, we synthesize the complementary strands of the candi-
dates, and label them with a fluorophore. With loss of generality, we use Cyb as
the fluorophore. Fig. 2lshows the complementary strands to be synthesized.

Constraints of the SAT problem are clauses to be satisfied. In the third step,
for each clause, we synthesize complementary strands of candidates that don’t
satisfy the clause. Table [[] shows the truth table of the clauses. In the table,
“F” shows the assignment of the variable not satisfing the clause. For legibility,
we remain blank when the assignment leads the clause true. For the 1st clause,
we make complementary strands of (0000). For the 2nd clause, complementary
strands of (1010) and (1110) are created. Fig.2lshows the complementary strands
made in this step. The 3rd and 4th clauses are not satisfied by the solution can-
didate (1100). In this case, the complementary strands of (1100) are synthesized
twice. The complementary strands are labeled with another fluorophore. With
loss of generality, we use R110 as the fluorophore.

In the fourth step, we competitively hybridize the strands synthesized in the
2nd and 3rd steps to the strands on the beads. After competitive hybridization,
the beads with the true assignment hold only Cyb5 labeled strands, and the beads
with the false assignment hold both Cy5 labeled and R110 labeled strands. The
amount of R110 on the bead grows proportionally to the number of non-satisfied
clauses. The ideal proportion of Cy5 and R110 on the beads with each assignment
is shown in Table [

In the fifth step, we regard the beads as cells and extract the beads labeled
only with Cyb using the fluorescence-activated cell sorter. Each extracted bead
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Table 1. Truth table of the clauses and the proportion of fluorophores on the
beads

variables| 1st clause 2nd clause 3rd clause 4th clause
(wxyz) [((wVaVyVz)|(wV-yVz)| (-zVy) (mw V z2) Cy5:R110
(0000) F 1:1
(0001) 1:0
(0010) F 1:1
(0011) 1:0
(0100) F 1:1
(0101) F 1:1
(0110) F 1:1
(0111) 1:0
(1000) F 1:1
(1001) 1:0
(1010) F 1:1
(1011) 1:0
(1100) F F 1:2
(1101) F 1:1
(1110) F 1:1
(1111) 1:0

holds a DNA sequence that encodes one of the solutions. After the extraction,
we read out the DNA sequences to know what assignments are the solutions in
the final step.

In the following section, we introduce two techniques, Megaclone [15] and
MPSS (massively parallel signature sequencing) [13]. These techniques have been
developed by LYNX therapeutics, Inc. to analyze gene expression. With these
techniques, we can implement our DNA computing on beads simply and easily.

3 Techniques to Realize

3.1 Megaclone

Megaclone [15] enables DNA strands to be attached onto the surfaces of 5-pm
beads. Each bead carries about 10 copies of a specific DNA strand, which
are called tag sequences, or simply tags. The tags are composed of eight 4-mer
“words” and are synthesized by eight rounds of “Mix and Divide” combinato-
rial synthesis on glycidal methacrylate microbeads (See Fig. Bl). Therefore, the
repertoire of tags are up to 8% = 22* = 16,777,216. The eight 4-mer words are
TTAC, AATC, TACT, ATCA, ACAT, TCTA, CTTT, and CAAA. Each word
uses only three (A, T, and C) of the DNA bases and differs from all of the other
words in three of the four bases. Limiting the composition of the four-nucleotide
words to three bases eliminates self-complementarity within any sequence made
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Fig. 3. Tags are synthesized by eight rounds of combinatorial synthesis, where
in each word, wl-w8, is added in a separate column of a DNA synthesizer.

up of the 4-mer words. We show an example of one tag and its complement
strand below.

5 —TACT.TTAC.ACAT.ATCA.CTTT.CTTT.CAAA.AATC -3’
3 — ATGAAATGTGTATAGT.GAAA.GAAA.GTTT.TTAG — 5

3.2 MPSS

MPSS is a particularized method for sequencing DNA whose thousands of copies
are attached on a 5um diameter bead. Brenner et al. [I3] assemble a planar array
of millions of beads in a flow cell at a density greater than 3 x 10° beads/cm?.
Sequences of the free ends on each bead are simultaneously analyzed using a
fluorescence-based signature sequencing method that does not require DNA
fragment separation. The signature sequences of 16-20 bases are obtained by
repeated cycles of enzymatic cleavage with a type IIs restriction endonuclease,
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adaptor ligation, and sequence interrogation by encoded hybridization probes.
The details of MPSS are shown in [13].

4 A Design of DNA Computing on Beads through SAT

In this section, we design the DNA computing on beads using the Megaclone
and the MPSS. We use tags in the Megaclone as the DNA strands that encode
candidate solutions of the SAT problem ().

First, we encode variables to DNA sequences. Because Megaclone has 8 kinds
of words, each word can encode three variables. Therefore we use tags made up
of two words to compose four-variable candidate solutions. The first word of the
tag encodes the assignments of three variables w, z, and y, and the second word
of the tag encodes the assignment of a variable z. The words and corresponding
assignments of variables are shown in Table 2l For an example, the assignment
(wzyz) = (1010) is encoded to 5’ — TACT.AATC — 3.

We describe 6 steps for DNA computing on beads as follows:

1. Create beads with candidate solution strands by Megaclone. In the Mix &
Divide operations, we use eight words (wl ~ w8) in the first round, and two
words (wl,w2) in the second round.

2. Synthesize all the co-candidates. First we synthesize a set of beads with
candidate solutions, that are the same as the set of beads created in the
first step. Next, we detach the strands from beads and amplify them by
PCR to make complementary strands. In PCR amplification, we label the
complementary strands by Cyb5.

3. Synthesize co-candidates that don’t satisfy a clause using Mix & Divide op-
eration. Because the 1st clause (wVzVyVz) isn’t satisfied by the assignment
(0000), we use only one word “w1” at the first and second round of the Mix
& Divide operation. In the case of the 3rd clause, which the assignments
(0100), (0101), (1100), and (1101) don’t satisfy, we use two words (w3, w7)
at the first round and use two words (wl,w2) at the second round. The
strands are detached, amplified and labeled by R110.

4. Hybridize competitively the strands sinthesized in 2nd and 3rd steps to the
strands on the beads. The protocol of the competitive hybridization on beads
is described in [15].

5. Extract the beads labeled only with Cy5 by a fluorescence-activated cell
sorter. The extracted beads hold the solutions.

6. Read out the sequences on the extracted beads by MPSS.

The Mix & Divide operation of Megaclone takes O(N x M) time to execute
the first, second, and third steps for N-variable, M-clause SAT problems. The
fourth step needs constant time. However, the fifth step needs O(2") time with
existing techniques on DNA beads.

88 = 224 tag variations are available in the Megaclone now. Therefore, DNA
computing on beads realized by Megaclone can easily expand to the instances
of SAT problems whose number of variables is up to 24.
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Table 2. Words and corresponding assignments of variables

1st word | 2nd word

word | sequence (wxy) (z)

wl AATC (000) (0)

w2 | ACAT (001) (1)

w3 ATCA (010) -

wd | CAAA (011) -

wH CTTT (100) -

w6 | TACT (101) -

w7 | TCTA (110) -

w8 TTAC (111) -

An experiment for a sensitivity test of competitive hybridization on beads
was performed by Brenner[I5]. In the experiment, two fluorescent probes in a
ratio of 1:1, 1:0 were hybridized competitively to the strands on the beads. The
result shows that the beads of 1:1 and 1:0 were always classifiable by a cell sorter.
This experiment indicates that our DNA computing on beads can distinguish
the beads with the solution from the beads with the assignment which doesn’t
satisfy only one clause.

5 Conclusion

We have described a new approach to the DNA computing using tiny beads.
The features of our DNA computing are as folows:

1. Each bead represents one of the candidate solutions,
2. We use competitive hybridization for the calculation,
3. We extract the solution using a fluorescence-activated cell sorter.

The advantages of our DNA computing on beads are as follows:

First, our DNA computing on beads can solve a 24 variable SAT problems
with simple encoded DNA sequence. Only O(N x M) time is required to syn-
thesize a set of DNA sequences for N-variable and M-clause SAT problems.

Second, extracting the solution and reading out the DNA sequence by a cell
sorter and MPSS is simple. In Smith and Liu’s DNA computing, the readout
operation is composed of PCR and hybridization to an addressed array [4/5].
Their methods may become difficult to read out when the size of the problem
becomes large.

The disadvantages of DNA computing on beads are as follows:

First, DNA computing on beads essentially needs larger volume than other
DNA computings. We use tiny 5um diameter beads, but the beads are tremen-
dously larger than DNA strands. This means the DNA computing on beads is
more sensitive to the physical limitation of the volume (or exponential curse)
than other DNA computings. Moreover, the use of beads may cause a loss in
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Fig. 4. How to avoid applying all beads to cell sorter

parallelism due to the size of the beads. we have two countermeasures to ease
the exponential curse. One way is to use smaller beads, and the other is to apply
Yoshida’s breadth first search algorithm for DNA computing [I6] that is based
on dynamic programming. These methods will relieve the disadvantages caused
from the size of beads.

The cell sorter used in the fifth step causes the second disadvantage. The
cell sorter selects the beads sequentially, not in parallel. Therefore, if we apply
all the beads to the cell sorter, no difference is detected from searching all the
solution sequentially. To avoid this situation, we want to use very small (tens
of nm diameter) magnetic beads. The outline of the idea is as follows: (also see

Fig. [)).

1. Determine a specific DNA strand to use.

2. Attach the copies of the specific DNA strand to the magnetic beads.

3. Add the complement strand of the specific DNA strand to the strands made
in the third step of DNA computing on beads.

4. After fourth step of DNA computing on beads, hybridize the DNA strands
on the magnetic beads to the DNA strands on the beads.

5. Before using a cell sorter, eliminate the beads with the magnetic beads by
magnet.

With some advantages and disadvantages, we believe that DNA computing
on beads will become an admirable strategy in the future.
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Abstract. A pattern for performing several DNA computations is out-
lined using the aqueous approach, the essence of which is writing on
molecules dissolved in water. Four of the indicated computations have
been carried out in wet labs in the aqueous style. As an illustration, gel
photos will be exhibited that confirm the correctness of a small SAT
computation. Emphasis will be placed on the aqueous approach, now in
progress, to the problem of producing the set of all patterns in which
knights can be placed on a 3 x 3 chessboard with no knight attacking
another. Currently the writing technology used is based on molecular
biology. In the future we hope that light can replace biochemistry as the
writing procedure.

1 Introduction

What we call aqueous computing was developed in the wake of L. Adleman’s
initiation of DNA computing [A’94]. The aqueous approach has been indicated
in a molecular context in [H’00], exposited in a computational architectural
context in [H’01c], and surveyed in [H’01a]. The first aqueous computation to
be completed was done in Leiden [HRBBLS’00]. Our initial wet lab efforts in
Binghamton were reported in [HYG’99] and [YHG'00]. The present article has
two major purposes: to indicate how easily aqueous computations can be planned
and related to one another (as in Section 4) and to present our laboratory work
on the 3 x 3 knight’s problem (in Section 5).

In Section 4 we show how a half dozen DNA computations that have been
carried out in various laboratories can be done in the aqueous fashion. Moreover,
this exposition shows that various DNA computations may be carried out in a
manner that allows partial results from one computation to be used in other

* All correspondence should be sent to the first author, whose e-mail address is:
tom@math.binghamton.edu
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computations. The common parts from several computations are ‘factored out’
to produce a tree diagram (Fig. 1) for doing these computations with a mini-
mum of repetition. The presentation also indicates the uniformity that aqueous
computing provides for treating various problems.

Two of the indicated problems have been solved in the aqueous manner in
Leiden. The three-variable SAT problem indicated in [HYG’99] and [YHG’00]
has been completed in Binghamton. The confirming gel photos for this SAT will
be presented as a demonstration of a reading procedure that is an alternative
to sequencing. At this writing the Binghamton lab has made major progress in
using the aqueous approach to determine all the patterns in which knights can
be placed on a 3 x 3 chessboard. This is the problem treated previously by the
Princeton group [FCLL’00]. In Section 5 we present our aqueous program for
solving this problem and the laboratory work in progress.

2 The Concept of Aqueous Computing

In aqueous computing we choose a water-soluble molecule on which a set of
identifiable locations can be specified at which we can provide a technology for
making alterations. We regard this molecule as an analog of a memory register in
an ordinary computer. We dissolve a vast number of these molecules in water, and
regard the initial state of each of the specified locations on each of the molecules
as expressing one of the bits, 0 or 1, whichever we prefer. We compute by altering
these bits by the chosen technology. We say that we write on the molecules as we
alter bits. The first phase of computation consists of a sequence of writing steps.
At the end of this phase all molecules would display the same pattern, except for
the fact that we subdivide the aqueous solution into separate portions and write
at different locations on the molecules in the different portions. The separate
portions are then re-united before the next writing step. At the completion of
the writing phase it is necessary to determine the result of the computation. In
this phase we say we read the (appropriate) molecules.

There is no intrinsic connection between biochemistry and the concept of
aqueous computing. That aqueous computing has thus far been implemented
using DNA molecules and biochemistry is a consequence of its being initiated in
the wake of [A’94] and of the previous interest of one of the authors in restriction
enzymes [H'87] [HPP’97]. Thus we reiterate that to compute according to the
aqueous computing concept requires only the following four mutually dependent
choices:

1. a molecule that has a specifiable set of mutually distinguishable local fea-
tures,

2. water (or other appropriate fluid in which the chosen molecule is soluble),

a technology for modifying the specified local features of the molecule, and

4. a technology for detecting the condition of the specified local features of the
molecule.

@
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The crucial role of water (or a substitute fluid) is emphasized: It disperses the
molecules so that they do not block access to each other when the modification
procedures are applied. This also allows the modifications of the molecules to be
made in parallel. The dispersal of the molecules allows the assumption that each
molecular variety is uniformly distributed throughout the solution. This allows
the further assumption that, when the content of a test tube is divided into two
or more tubes, each of the resulting tubes contains the same molecular varieties.

3 The Implementation Scheme Chosen Here

As the memory register molecule we chose a small circular cloning plasmid.
In Binghamton we have used one of the pBluescript plasmids. For locations at
which to write on these plasmids, we choose a set of restriction enzyme sites that
lie in the multiple cloning site (MCS) of the plasmid. We compute in water (or
appropriate buffers). We write at a specific restriction enzyme site by locking the
site, i.e., by modifying the site so that the associated enzyme will no longer cut.
Probably the easiest way to lock a site would be by methylation, the technique
used by living cells [C’75]. We have considered advantages and disadvantages of
locking by methylation in [H’01b]. We do not use methylation here. Instead, we
have used a more complicated locking process that provides two valuable fea-
tures not provided by methylation: First, the locking process allows amplification
in bacteria of the plasmids such that the locked/unlocked state of each site is
preserved. Second, each time a site is locked, the circumference of the plasmid
is altered by a fixed amount. For several algorithmic problems, the molecules
encoding the solutions will lie in either the longer plasmids or the shorter plas-
mids found at the end of the writing phase. In such cases gel separations are
valuable in the reading phase. Finally, the reading technology may involve the
cloning of plasmids in bacteria followed by either sequencing or by determining
which sites are locked by applying the associated enzymes. Gel separations can
precede cloning when applicable.

The locking process we choose consists of three basic steps. This locking
scheme requires that no sites be used for enzymes producing blunt ends. There
is additional advantage in using only sites that yield 5’-overhangs all of the same
length. Thus far we have used only sites that produce four-base 5’-overhangs.
To lock a specific 4-base 5’-overhang site on such plasmids: (1) Linearize the
plasmids by cutting with the enzyme associated with the site. (2) Fill-in the
single-stranded overhangs to produce fully double-stranded molecules by using a
DNA polymerase. (3) Re-circularize the linear molecules by blunt end ligation.
Notice that each such locking operation increases the circumference of the plas-
mids being locked by four base pairs. Such locking operations, affecting the MCS
region only, do not interfere with the process of duplication of these plasmids in
bacteria.
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4 A Uniform Approach to Several Algorithmic Problems

We have participated now in four different wet lab DNA computations: two in
Leiden and two in Binghamton. Looking back with the proverbial 20-20 hind-
sight, we present in this Section a scheme for carrying out these four computa-
tions and at least two more in a uniform manner using only materials readily
available in college laboratories of molecular biology. We would be delighted if
researchers who are entering biomolecular computing would begin by practicing
some of the procedures indicated here.

We begin with the choice of a small circular cloning plasmid. There is no
further DNA to purchase. Additional plasmids can be produced in bacteria. The
number of base pairs in the plasmids we have used is approximately 3000 and
the multiple cloning sites (MCS) of these plasmids are approximately 175 base
pairs in length. For the computations described here, choose from the MCS eight
restriction enzyme sites each of which produces a four-base 5’-overhang when cut
with its associated enzyme. Although the plasmids are circular, in order to save
space, we indicate the plasmids and the eight chosen enzyme sites using linear
diagrams that display only the sites in the MCS. Keep in mind that each of these
linear diagrams indicates only about a 175 base pair segment of a 3000 base pair
circular plasmid. The plasmid in its initial state is represented as:

-0-0-0-0-0-0-0-0-

The lower case 0’s indicate the eight restriction enzyme sites lying in the MCS
that will be used. The plasmid in its initial state can be cut at each of these
eight sites. The central writing operation used consists of dividing the content
of a test tube T containing plasmids into two equal parts in test tubes T(L)
and T(R). Two of the sites in the plasmid are chosen. In T(L) one of the two
sites is locked and in T(R) the other is locked. The contents of tubes T(L) and
T(R) are then returned to tube T. The result of applying such a pair of locking
processes to a tube of molecules in the initial state using the third and fourth
sites is represented:

-0-0-0=0-0-0-0-0-

This single line communicates that, after this parallel locking process, the tube T
will contain two distinct plasmid varieties, one with the third site locked and
one with the fourth site locked. One may picture these two molecular varieties
as:

-0-0-X-0-0-0-0-0- and -0-0-0-X-0-0-0-0-,

where the symbol ‘x’ is used to denote a site that has been locked. We may iterate
this parallel locking procedure to produce the display, given as Figure 1, that
represents the contents of the tube T after various parallel locking procedures
have been applied. As a further example, when the parallel locking procedure is
now applied to the tube T containing these two varieties, locking the fourth site
in T(L) and the fifth site in T(R), there results a tube T the plasmid content of
which is represented:
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-0-0-0=0=0-0-0-0-

This single line communicates that, after this pair of parallel locking processes
have been applied, the tube T will contain four distinct plasmid varieties,
which may be pictured as:

-0-0-X-X-0-0-0-0- , -0-0-X-0-X-0-0-0 , -0-0-0-X-0-0-0-0-, and -0-0-0-X-X-0-0-0- .

We may iterate the parallel locking procedure to produce the display, given as
Figure 1, that represents the contents of the tube T after various parallel locking
procedures have been applied. Six of these represent the contents of tubes T at
the completion of the locking phase of the solution of one of the instances of
an algorithmic problem previously attacked by members of the DNA computing
community. In the remainder of this Section, continuing reference to Fig. 1 is
required.

Each of the three problems lying in the horizontal row in Fig. 1 is completed
in the following three steps. (1) Cut the MCSs from the plasmids with auxiliary
restriction enzymes that cut at the boundaries of the MCS. (2) Gel separate
and clone the released MCSs that have the appropriate length(s). (3) ‘Read’ the
results by either sequencing or testing in parallel, with the appropriate restriction
enzymes, to determine which sites are locked and which sites remain unlocked.
The problem at the extreme right in this row is the subject of Section 5. The
‘=" sign above the line:

-0=0=0=0=0=0=0=0-

is given to indicate that a parallel locking step has been made for the pair
consisting of the leftmost and the rightmost enzyme sites in this row.

Each of the three problems in the vertical column in Fig. 1 is completed in
the following four steps. (1) Carry out a sequence of cutting steps (4, 10, 6, re-
spectively) which eliminate all plasmids that do not encode correct solutions. (2)
Cut the MCSs from the remaining plasmids with auxiliary restriction enzymes.
(3) Gel separate and clone the MCSs (all of which should be of the same length).
(4) ‘Read’ the results by one of the two methods described above.

The writing phase of the SAT problems is merely the formation from the
original plasmid of all logically consistent truth assignments. The number of
these steps will always be the number of variables of the SAT problem. The
cutting phase consists of one parallel step for each clause that must be satisfied.
Each such step eliminates all those truth settings that fail to satisfy the clause
being treated.

The procedure intended for treating the DHP takes the DHP to be a special
case of the following problem: Let R be a subset of the product set A X B,
where A and B are sets that have the same number of elements. Problem. Find
all bijections of A onto B that are contained in R. We use the notation of |A’94)
and embed Adleman’s instance of the DHP into the present context by taking A
={0,1,2,3,4,5}; B ={1,2,3,4,5,6}; and R to be the set of 14 directed edges
of Adleman’s graph. For each element in A, there is a parallel writing step that
provides the choices available for the image of that element in B under functions
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contained in R. The six step writing procedure produces the result indicated by
the line

-000-0=0-0=0-0=0-0=0-000-

where the two barred triples of o’s at each end require explanation: There are
sites for six additional restriction enzymes in the MCS of pBluescript which
do not yield blunt ends. The present computation does not use lengths in the
reading process; consequently sites that produce overhangs other than 4-base
5’-overhangs can be used. The six extra sites used here are grouped into two
groups of three. Each of two vertices in A is the initial vertex of three edges.
This requires that for these two vertices the appropriate locking steps must
divide tube T into three tubes T(L), T(M), and T(R) in which three different
locking operations are performed. The results of these two three-way locking
steps are symbolized by the barred triples of o’s. The remaining four vertices of
the graph are the initial vertices of exactly two edges which allows the use of the
four previous parallel locking operations. Thus the line above represents the 144
plasmid varieties that encode the complete collection of the 144 functions from
A into B that are contained in R. For each element of B, there is a parallel cut
step that eliminates each function for which that element of B is not in the image
of the function. Thus, when six appropriate parallel locking steps are followed
by six appropriate cutting steps, only plasmids encoding bijections of A onto
B remain. In the case of Adleman’s graph one can verify that three molecular
varieties should remain. Cloning and sequencing should result in the specification
of the following three bijections:

0—6, 1-2—3—4—5—1; 0—-3—4—5—6, 1—-2—1; and 0—-1—2—3—4—5—6.

It should then be noted that the last of these bijections is the unique solution
of the original DHP instance. (One may observe that if the surjective feature is
assured first then only 72 plasmid varieties arise before cutting is used to insure
the function feature of bijections.)

The approach outlined above for finding the bijections contained in a binary
relation is treated thoroughly in [H’02], but without laboratory work. It would
be a special delight to see this aqueous solution for finding bijections (hence also
DHPs) confirmed in a laboratory.

5 Non-attacking Knights on a 3 X 3 Chessboard

Consider a chessboard that has only three rows and three columns. We ask for
a specification of all patterns in which knights can be placed on this
board subject to the restriction that no knight attack another. No limit
on the number of knights is made in advance. Such a board is indicated below
with its nine squares labeled with digits 0 through 8. It is accompanied by an
undirected graph in which the vertices are these same nine digits. Two of these
vertices are connected by an edge if knights placed at the squares having these
labels would be mutually attacking.
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036 0-1-2-3
581 | | 8
274 7T-6-5—4

Recall that a subset S of the set of vertices of a graph is independent if
no pair of vertices in S is connected by an edge. It follows that the acceptable
patterns of knights on the 3 x 3 chessboard correspond to the independent subsets
of the associated graph. Note that each subset of an independent set is also
independent. Consequently, to list all the independent subsets it is sufficient
to list those independent subsets having the property that no vertex can be
added to the set without destroying independence. Such subsets are said to be
mazximal independent subsets. Since vertex 8 is isolated, it must be contained in
every maximal independent subset. Consequently, it is sufficient to list all the
maximal independent subsets of the eight-vertex subgraph obtained by deleting
vertex 8. To each maximal independent subset of this smaller graph the vertex
8 can be adjoined to obtain a maximal independent subset of the original nine-
vertex graph. We make one final elementary observation: no subset having two or
fewer vertices can be a maximal independent subset of the smaller graph since at
most six of the eight vertices can be occupied by, or be adjacent to, the vertices
of such a small subset.

From the previous paragraph we know that to produce the list that solves
the problem of placing knights on a 3 x 3 chessboard, it is sufficient to list each
maximal independent subset of the eight-element circular graph, each of which
will necessarily have three or more vertices. A complete list of all independent
subsets of the nine-vertex graph will be obtained by adjoining vertex 8 to each
subset and then listing all subsets of the resulting subsets. With these reductions
made, the following molecular implementation was carried out.

We chose eight restriction enzyme sites in the multiple cloning site of one
of the standard pBluescript circular cloning plasmids and named these enzyme
sites by placing them in one-one correspondence with the vertices 0, 1, 2, 3,
4,5, 6, 7 of the eight-vertex circular graph. Only enzymes producing four-base
5-overhangs were chosen. The description of our laboratory work follows. Each
locking step consists of a sequence of three steps: (1) cut with the appropriate
restriction enzyme; (2) fill-in the single stranded four-base 5’-overhangs to full
double stranded form by applying a DNA polymerase; (3) re-circularize with a
ligase. Processes of purification were interspersed among these three previous
steps and the re-circularized molecules were amplified in bacteria. The locking
procedure chosen alters site lengths uniformly. This allowed us to take advantage
of the fact that we can ignore independent sets having two or fewer vertices, by
concentrating, at the reading phase, on MCSs the lengths of which have been
increased by at most 5 times 4 (= 20) base pairs — thus leaving an independent
set having at least 8 — 5 (= 3) vertices as required for maximality. With these
decisions made we proceeded to the laboratory work:

A test tube T was initialized with a vast number of pBluescript plasmids.
The actions stated in the following four lines were then taken in a sequence of
eight steps in which N is assigned, in succession, the values 0, 1, 2, 3, 4, 5, 6, 7.
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Half of the content of T was poured into each of tubes T(L) and T(R).

In T(L) the enzyme site N was locked.
In T(R) the enzyme site N+1 (mod 8) was locked.

Equal amounts of the plasmid contents of tubes T(L) and T(R) were returned
to tube T.
The multiple cloning site (MCS) of pBluescript is bounded by auxiliary restric-
tion enzyme sites that were not used as sites 0 through 7. Using these two
auxiliary sites, the plasmids were cut into two linear molecules. One segment
consisted of the MCS and the other was the very much longer linear residue
from the removal of the MCS. The released MCSs were separated on a gel ac-
cording to length. The DNA content of the portion of the gel in a region that
was adequate to insure that it contained all the MCSs at which at most five of
the eight sites had been locked (i.e., at least three were left unlocked) was har-
vested. This resulting DNA was cloned. Colonies were selected, a few at a time,
and sequenced. Each sequence was interpreted as the encoding of a subset of the
vertex set of the eight-vertex circular graph. Those subsets that were maximal
were added to a list of all maximal independent subsets thus far found. We are
continuing to choose colonies and sequence plasmids from selected colonies.

At this writing, of the maximal independent sets, we have obtained the fol-
lowing six, each displayed in its knight pattern interpretation:

- K - - - - - - - - - - --K -KK
K - X K - - - - - - -K --K --K
- K - KK - KX K - KK --K ---

K - K K - - KK - KK K
- = = K__ K__ - = =
K - X K - - - - - - - -

Notice that each of these latter four has a knight in the upper left-hand corner.
This corner position is encoded in the molecule as a site for the restriction enzyme
Not I. This suggests that at some point in our computational process the ratio
of molecules with a locked Not I site to the molecules in which the site was not
locked got too large. Perhaps some unintended process locked Not I sites. We
are following up these leads now.

At such a time that we recover the four missing molecules, our reduction
process, when re-expanded to the complete 3 x 3 board will produce, after ad-
joining sub-patterns, the 47 solutions for the outer eight sub-board, and, after
adjoining vertex 8, the 94 solutions for the 3 x 3 board. Through our cloning and
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sequencing process we have obtained, at this writing, the sequences of plasmids
taken from 26 colonies. These 26 include the sequences encoding the six maxi-
mal patterns listed above, four sequences that encode non-maximal patterns in
which three knights occur, some sequences that encode patterns in which only
two knights occur, and repetitions of some of the sequences in each of these cate-
gories. Unfortunately, one incorrect solution having a pair of mutually attacking
knights has been recovered.

Although the computation described here is not yet complete at this writing,
we believe that the clarity and generality of the aqueous approach — as pre-
sented here and in Section 4 — shows that the aqueous concept is an attractive
and provocative approach to computational problems. The specific biochemical
realization of aqueous computing given here may not scale up to provide treat-
ment of large instances — but realizations of the aqueous concept using other
modalities may scale up. Several alternate techniques for writing on molecules are
possible. The effectiveness of writing on DNA by attaching short PNA strands
is currently under investigation [YHM’01].

6 Light in the Future for Aqueous Computing?

We propose to test the feasibility of computing by writing with lasers of con-
trolled frequencies on molecules that would be constructed so that they have
local features sensitive to distinct frequencies of light. With no use of biochem-
istry it may be possible to write on information baring molecules contained in
a transparent container with no material being added or removed during the
writing process. Perhaps writing steps can be done in this way with extreme
rapidity.

Acknowledgements

Partial support is gratefully recognized through DARPA /NSF CCR-9725021, the
Leiden Center for Natural Computing, and the Molecular Computing Project of
Japan. The concept of aqueous computing developed from a study of [OKLIL97]
with encouragement from P. Kaplan. Laboratory work in aqueous computing
would not have been initiated without the encouragement and efforts of G.
Rozenberg and H. Spaink, which resulted in the first aqueous result [HRBBLS’00].

References

[A’94] L. Adleman, Molecular computation of solutions of combinatorial prob-
lems, Science, 266(1994)1021-1024.

[CT5] G.L. Centoni, Biological methylation: selected aspects, Annual Review
of Biochemistry 44 (1975), 435-451.

[FCLL’00] D. Faulhammer, A.R. Cukras, R.J. Lipton & L.F. Landweber, Proc.

Nat. Acad. Sci. 97 (2000), 1385-1389.



200 Tom Head et al.

[GI79]

[H'87]

[H’00]

[H'01a]

[H’01b]

[H’01¢]

[H'02]
[HPP97]

[HRBBLS’00]

[HYG99]

[OKLL'97]
[PRS’98]

[R'96]

[YHG’00]

[YHM01]

[YS'00]

M.R. Garey & D.S. Johnson, Computers and Intractability — A Guide
to the Theory of NP-Completeness, W.H. Freeman, San Francisco, CA,
(1979).

T. Head, Formal language theory and DNA: an analysis of the gener-

ative capacity of specific recombinant behaviors, Bull. Math. Bio. 49
(1987), 737-759.

T. Head, Circular suggestions for DNA computing, in: A. Carbone,
M. Gromov & P. Pruzinkiewicz, Eds., Pattern Formation in Biology,
Vision and Dynamics, World Scientific, Singapore and London, (2000),
325-335.

T. Head, Splicing systems, aqueous computing, and beyond, in: I. An-
toniou, C.S. Calude & M.J. Dinneen, Eds., Unconventional Models of
Computation, UMC’2K, Springer-Verlag, London, (2001).

T. Head, Writing by methylation proposed for aqueous computing,
Chapter 31 in: C. Martin-Vide & V. Mitrana, Eds., Where Mathemat-
ics, Computer Science, Linguistics and Biology Meet, (2001), 353-360.

T. Head, Biomolecular realizations of a parallel architecture for solving
combinatorial problems, (to appear).

T. Head, Finding bijections with DNA, (to appear).

T. Head, Gh. Paun & D. Pixton, Language theory and molecular genet-
ics: generative mechanisms suggested by DNA recombination, a chapter
in: G. Rozenberg & A. Salomaa, Eds., Handbook of Formal Languages,
vol. 2, Springer, New York, 1996, pp. 295-360.

T. Head, G. Rozenberg, R.S. Bladergroen, C.K.D. Breek, P.H.M. Lom-
merse & H. Spaink, Computing with DNA by operating on plasmids,
BioSystems 57 (2000), 87-93.

T. Head, M. Yamamura & S. Gal, Aqueous computing: writing on
molecules, in: Proceedings of the Congress on Evolutionary Computing,
IEEE Service Center, Piscataway, NJ, (1999), 1006-1010.

Q. Ouyang, P.D. Kaplan, S. Liu & A. Libchaber, DNA solution of the
maximal clique problem, Science (1997), 446-449.

Gh. Paun, G. Rozenberg & A. Salomaa, DNA Computing — New Com-
puting Paradigms, Springer Verlag, Berlin (1998).

P.W.K. Rothemund, A DNA and restriction enzyme implementation
of Turing machines, in: DIMACS Series in Discrete Math. & Theor.
Comp. Sci., vol. 27, Amer. Math. Soc., Providence, RI, (1996).

M. Yamamura, T. Head & S. Gal, Aqueous computing — mathematical
principles of molecular memory and its biomolecular implementation,
Chap. 2 in: Hiroaki Kitano, Ed., Genetic Algorithms 4 (2000), 49-73.
(In Japanese).

M. Yamamura, Y. Hiroto, T. Matoba, Another realization of aqueous
computing with peptide nucleic acid, (This Proceedings, 2001).

H. Yoshida & A. Suyama, Solution to 3SAT by breadth first search,
in: DIMACS Series in Discrete Math. & Theor. Comp. Sci., vol. 54,
Amer. Math. Soc., Providence, RI, (2000), 9-22.



Aqueous Solutions of Algorithmic Problems: Emphasizing Knights on a 3 x 3 201

(The Original plasmid.) Fig. 1 Six Computations
-0-0-0-0-0-0-0-0-

2 steps il —
| / /
-0-0=0=0-0=0=0-0- <-2- —0-0-0=0-0=0-0-0- -2-> —0-0-0=0=0=0=0-0- -——4-> —0=0=0=0=0=0=0=0-
| steps | steps | steps
| | | |
Minimal Dominating Set | [OKLL’97] [HRBBLS’00] [FCLL’00]
(to appear, Leiden) | (Max.Clique = Max.Ind.Set, Leiden) (Sec. 4)
{16 varieties (va.), | {12 va., 3 le.} {47 va., 5 le.}
3 lengths (le.)} |
1 step
This Min.Dom.Set is |
for the graph below: —-0=0-0=0-0=0-0-0— + 4 cuts --> SAT [HYG’99] [YHG’00]
| (Binghamton Univ.)
0 0 1 step {8 va., 1 le.}
\ / |
0 ——=——=--= 0 ~0=0-0=0-0=0-0=0~ + 10 cuts -->  SAT [YS’00]
/ \ | {16 va., 1 le.}
0 0 2 steps
— | P
~000-0=0-0=0-0=0-0=0-000~ + 6 cuts --> DHP [A’94] {Bijections}
{144 va.}

Legend for Fig. 1 This diagram provides a scheme by which instances of five
different algorithmic problems can be solved in a uniform systematic manner
in which intermediate results of previous computations can be saved and used
as the initial steps of later computations. Reading from left to right across the
horizontal row, the algorithmic problems [GJ'79] treated are:

1. Find the minimal dominating set in a graph.

2. Find the clique(s) of maximum cardinality in a graph, which is immedi-
ately equivalent to: Find the independent set(s) of maximum cardinality in
a graph.

3. Find those independent set(s) in a graph which cannot be enlarged without
destroying independence. The problem of finding all placements of knights
on a (3 x 3) chessboard can be viewed as a special case of this problem.

Reading down the column, the algorithmic problems treated are:

4. SAT: satisfiability of a set of four three-variable (disjunctive Boolean) clauses,
followed by

5. SAT: satisfiability of a set of ten four-variable clauses.

6. Find all the bijections of A onto B contained in a binary relation R in AXB.
The directed Hamiltonian path problem (DHP) can be viewed as a special
case of this problem.

Each of the six instances of these five problems has had laboratory treatment pre-
viously and several have been reported in the literature: (1.) has been completed
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in H. Spaink’s laboratory in Leiden with an aqueous implementation that differs
very slightly from the one described here. (2.) has been treated in [OKLL’97]
and in an aqueous form in [HRBBLS’00]. (3.) has been treated in [FCLL'00]
for the knights on a 3 x 3 case concluding with a sample of size 30 from the
set all 94 solutions. In Sec. 5 we report our progress toward finding by aqueous
computing the 10 ‘maximal’ patterns that are the key to listing all 94 solutions.
(4.) has been solved by the aqueous procedure in Binghamton. ‘Reading’ with
restriction enzymes will be illustrated with a gel photo confirming the solution
of our three-variable SAT. (5.) has been solved as reported in [YS'00]. (6.), in a
DHP form, was solved by Adleman in his paper [A™94] in which DNA computing
was initiated. We recommend in Section 4 (without laboratory test) an aque-
ous solution of this same instance. The pairs of numbers enclosed in braces, for
example, the pair {16 va., 3 le.} associated with the Minimal Dominating Set
problem, give the maximum number of distinct varieties of plasmids that arise
during the aqueous computation (16 in this case) and the number of distinct
circumferences of plasmids at the conclusion of the computation (3 in this case).
An alternate aqueous approach to the DHP improves {144} to {72}.
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Abstract. In this paper, we present a concentration control method
that may become a new framework of DNA computing. In this method,
the concentration of each DNA is used as input and output data. By
encoding the numeric data into concentrations of DNAs, a shortest path
problem, which is a combinatorial optimization problem, can be solved.
The method also enables local search among all candidate solutions in-
stead of a exhaustive search. Furthermore, we can reduce the costs of
some experimental operations in detecting process of DNA computing,
because we have only to extract and analyze relatively intensive bands.
Solutions of a shortest path problem by using a simulator and by lab-
oratory experiments are presented to show the effectiveness of the con-
centration control method.

1 Introduction

Since Adleman’s epochal experiment, various DNA computing algorithms for
solving combinatorial decision problems have been presented [1[2J3]. Recently,
some remarkable computing algorithms that utilize features of DNA, such as con-
formation of DNA single strands [4l5] and aqueousness [6i], have been proposed
as new computing paradigms.

In this paper, we focus on aqueousness of DNA, but in a different way to that
reported previously [6], i.e., concentration of DNA. In our computing model, the
concentrations of DNA are used as input and output data. Since chemical re-
actions are controlled by using these concentrations, so we call this method
concentration control. As an example of concentration control, a shortest path
problem, which is a combinatorial optimization problems, can be solved by en-
coding the numeric data into concentrations of DNAs. Oliver has shown that
calculation of multiplication of Boolean matrix can be performed by the use of
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concentration of DNA [[7]. In this paper, we try to use the concentration of DNA
for solving a combinatorial optimization problem.

Our method also enables a local search among all candidate solutions instead
of an exhaustive search, since the concentration of hopeless candidate solutions
tends to be small. Furthermore, by using concentration control, we can reduce
the costs of some experimental operations in detecting process of DNA com-
puting, because we have only to extract and analyze relatively intensive bands.
Therefore, this method is expected to become a new framework of DNA com-
puting.

In order to show the effectiveness of the concentration control method, we
present results of simulation and then results of laboratory experiments to solve
shortest path problems. Based on the results, the effectiveness of our proposed
method is discussed.

2 Concentration Control for Shortest Path Problems

2.1 Algorithm

In this paper, we explain how to solve a shortest path problem by using the
concentration control method. Fig. [l (A) shows a directed graph with costs on
edges. The shortest path problem for the graph is to find the shortest path
(minimizing the total costs including the path) from vertex 0 (start) to vertex 5

(goal).

0.069

0.694

0 391
goal start goal
0 207

Fig. 1. (A) is a shortest path problem with 6 vertices and 9 edges. This problem
has 7 candidate paths (total costs in parentheses): 0-2-5 (26), 0-1-2-5 (32), 0-1-
4-5 (23), 0-2-3-5 (18), 0-1-2-3-5 (24), 0-2-3-4-5 (36), and 0-1-2-3-4-5 (44). (B) is
the problem encoded with concentration control.

The proposed algorithm for the shortest path problems is as follows.
Step 1: Encoding of the problem in DNAs. Each vertex ¢ in the graph is as-
sociated with a designed 20-mer sequence of DNA denoted O;. For each edge
i — j in the graph, an oligonucleotide O,_,; that is 3’ 10-mer of O; followed by
5’ 10-mer of Oj is created.
Step 2: Construction of random paths. To construct random paths in the graph
shown in Fig. [l (A), a mixture containing each complementary oligonucleotide
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encoding vertices and each oligonucleotide encoding edges is made. The concen-
trations of complementary oligonucleotides encoding vertices are set to the same
values, and the relative concentration D;; of each oligonucleotide encoding an
edge ¢ — j with cost Cj; is calculated by the following formula:

Dij = (Min/Cij)o‘, (1)

where Min represents the minimum value among costs of all edges in the graph,
and « is a parameter value. In this study, we set the value of a to 2 on the
basis of results of preliminary experiments. In this step, other formulas, such
as exponentially weighed formulas, can be used to translate the costs of edges
into the concentrations. The reaction contains oligonucleotides encoding vertices
with the same concentrations and edges with different concentrations calculated
according to equation (1).

Step 3: Amplification of DNA paths by PCR. Amplification of DNA paths that
begin with vertex start and end with vertex goal is performed. Two specific
primers that can anneal with vertex start and vertex goal are added to the PCR
reaction.

Step 4: Determination of the oligonucleotide encoding the shortest path. Ampli-
fied DNA paths are separated by experimental operations such as SSCP (Single
Strand Conformation Polymorphism). SSCP is a simple technique for separa-
tion and purification of DNA paths according to their size, base sequence and
base composition. DGGE and TGGE can be used for this process. As a result
of separation, the most intensive band is extracted and analyzed by sequencing.

2.2 Simulation Experiment

In order to verify that the concentration control method is effective, we per-
formed simulation for the problem shown in Fig. [l (A). The hybridization sim-
ulator presented by Yamamoto [§] is a simulation model of the hybridization
process based on a concentration dynamics model, and it enables calculation
of relative concentrations of resultant DNA paths from initial concentrations
of oligonucleotides. We encoded the costs on edges into initial concentrations
of DNAs as shown in Fig. [0 (B), and the simulation was then carried out. We
compared the results of two cases, i.e., that with and that without concentra-
tion control. The results are shown in Fig. Pl In the case without concentration
control, the initial concentrations of all complements of vertices and edges are
the same. On the other hand, in the case with concentration control, the initial
concentrations of edges are calculated according to equation (1).

From these results, the shortest path 0-2-3-5 in the graph had the highest
concentration among candidate paths. We verified that concentration control
enabled us to efficiently search for the shortest path. Based on the results, we
performed laboratory experiments. The results and discussion of the results are
presented in the next section.
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DNA paths DNA paths
#7: 0-1-2-3-4-5 (44) #7 (44)
#6: 0-2-3-4-5 (38) #6 (38)
#5: 0-1-2-3-5 (24) #5 (24)
#4: 0-2-3-5 (18) #4 (18)
#3:0-1-4-5 (23) F ] #3(23)
#2:0-1-2-5(32) ‘ ‘ #2 (32)
#1: 0-2-5 (26) : : . o #1 (26)

0 0.01 0.02 0.03 0.04 0.05 0 0.05 0.1 0.15

Relative Concentration Relative Concentration

Fig. 2. Comparison of relative concentrations of resultant DNA paths from a
hybridization simulator (presented by [8]). The figure on the left shows the results
without concentration control. The figure on the right shows the results with
concentration control. In both graphs, only paths beginning with vertex 0 and
ending with vertex 5 are shown.

3 Laboratory Experiments and Discussions

3.1 Experiments for a Graph

First, we applied our algorithm with concentration control to a graph with 6
vertices, as shown in Fig[ll (A), in order to show the effectiveness of concentration
control for the shortest path problem.

Step 1: Encoding of the problem. The encoding process is performed as
follows: We encoded the information of vertices and edges into DNA sequences
based on Adleman’s model [I]. DNA sequences of vertices and edges (DNA
vertices and edges) were designed by using the simulated annealing method,
which is the encoding method based on the degree of binding between a pair
of DNA oligonucleotides [8]. The obtained sequence designs are shown in Table
The costs were encoded into initial concentrations of each DNA based on
concentration control shown in Fig. [[] (B).

Step 2: Construction of random paths. Random paths (DNA paths) in the
problem were generated by the hybridization process. We diluted DNA vertices
and edges and mixed them in one tube, according to Fig. [ (B). The 5 end of
DNA vertices and edges was phosphorylated by using 20 units of T4 Polynu-
cleotide Kinase (Takara Co., Japan) in 400 ul of reaction mixture containing 10
x kinase buffer (Takara) and 100 mM ATP. The kination reaction was performed
at 37 °C for one hour, and the reaction mixture was heated to about 84 °C and
then gradually cooled to make the oligonucleotides anneal. After this process,
random DNA paths were generated from DNA vertices and edges. In order to
bridge the nicks of DNA paths, 700 units of T4 DNA ligase (Takara), 100 mM
ATP and 1 M DTT were added to the kination mixture. The ligation reaction
was performed at 16 °C overnight.

Step 3: Amplification of DNA paths by PCR. In order to select the DNA
paths that begin with Oy (start) and end with Os (goal), DNA amplification
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Table 1. Designed sequences of vertices and edges for the graph shown in Fig.

m(A).

Name Sequences (5" — 3')
Op |TGGTTCCGATGTTTAAGCAA
01 | AGTCCTATTCATAACGACGC
0O, |CCACAAGAGGGTATGGGCGG
O3 |TACGAGCACACGAAGGTAGT
O, |GTTCTAGCAGTCTCCAAAAG
Os |GATCACTTGACTCAGCCAGA
Oo1 | GAATAGGACTTTGCTTAAAC
Op2 |CCTCTTGTGGTTGCTTAAAC
O12 |CCTCTTGTGGGCGTCGTTAT
014 |CTGCTAGAACGCGTCGTTAT
O23 | TGTGCTCGTACCGCCCATAC
O25 | TCAAGTGATCCCGCCCATAC
O34 | CTGCTAGAACACTACCTTCG
O35 | TCAAGTGATCACTACCTTCG
Os5 |TCAAGTGATCCTTTTGGAGA

was performed by using the polymerase chain reaction (PCR). Before perform-
ing PCR, the ligation mixture was diluted to four levels (1, 1/4, 1/16, 1/64,
1/256, 1/1024). PCR was performed in 25 pl of solution containing 2 ul of liga-
tion mixture at each dilution level, 2 mM dNTPs, two primers (Og: TGGTTC-
CGATGTTTAAGCAA, Of: TCTGGCTGAGTCAAGTGATC), and 1.25 units
of KOD Dash DNA Polymerase (TOYOBO Co., Japan). Appropriate cycles of
PCR were as follows:

— initial incubation at 94 °C for 20 sec
— 94 °C for 30 sec

— shift down to 50 °C and for 5 sec

— 74 °C for 30 sec

Step 4: Determination of the oligonucleotide encoding the shortest
path. We quantified the concentration of DNA paths by performing 6% PAGE
and using an image analyzing system, ChemiDoc and Quantity One (BIO-RAD
Co.). We performed SSCP to separate each DNA path, but DNA paths were not
extracted.

3.2 Result of Gel Analysis

Fig. Blshows the visualized DNA paths amplified by PCR. In order to detect the
DNA path representing the shortest path, we quantified the intensity of DNA
bands in lane 4. The results of analysis are shown in Fig. @l

It can be seen that the results from laboratory experiments and from simula-
tion are well matched. However, in order to show the effectiveness of our method,
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Fig. 3. Confirmation of the formation of DNA paths with 6% PAGE. DNA bands
were visualized by ethidium bromide staining. Lane M, DNA size marker (100-
bp ladder); lanes 1-6, amplified DNA paths after 16 cycles of PCR. The ligation
mixture was diluted as follows: lane 1, 1; lane 2, 1/4; lane 3, 1/16; lane 4, 1/64;
lane 5, 1/256; lane 6, 1/1024.
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Fig. 4. Comparison of the relative amounts of DNA paths obtained from 6%
PAGE experiments and from simulation. We quantified DNA bands shown in
Fig. B, lane 4.

we quantified the relative concentrations of resultant DNA paths. The results
are described in the next subsection.

3.3 Quantification and Identification of Generated DNA Paths by
Specific Primers

In order to quantify generated DNA paths, a quantitative PCR was performed
using specific primers for amplification of specific DNA paths. For example, to
amplify DNA path #2 (0-1-2-5), primers P0-1 and P5-2 were used. P0-1 could
completely anneal with the complementary strand of Oy and the 3’ end of it
could anneal with 2 bases of the 3’ end of the complementary strand of O;
but not with that of Oy (Table B). On the other hand, although P0-2 could
completely anneal with the complementary strand of Oy as well as PO-1, the 3’
end of it could anneal with 2 bases of the 3’ end of the complementary strand of
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O3 but not with that of O; (Table 2). Matching of the two bases of the 3’ ends
of a template and a primer is crucial for a DNA polymerizing reaction catalyzed
by DNA polymerase. Following the same principle, we designed 3 primers that
can anneal with Os plus 4 bases of the 3’ end of Oy (P5-2), Os plus 4 bases of
the 3’ end of O3 (P5-3) and Oj plus 4 bases of the 3’ end of O, (P5-4) (Table
). These three primers, P5-2, P5-3 and P5-4, can be used for amplification of
DNA paths that have direct connections from Oy to Os, O3 to Os and O, to
Os, respectively.

Table 2. Nucleotide sequences of specific primers. In P0-1 and P0-2, nucleotide
sequences that can anneal with Oy are underlined and those that can anneal with
the 3’ end of O; or Os are indicated by bold letters. In P5-2, P5-3 and P5-4,
nucleotides that can anneal with the complementary strand of Os are underlined
and those that can anneal with the 3’ end of the complementary strand of O,
O3 or Oy4 are indicated by bold letters.

Specific primers Sequences (5’— 3’)
PO-1 TGGTTCCGATGTTTAAGCAAAG
P0-2 TGGTTCCGATGTTTAAGCAACC
P5-2 TCTGGCTGAGTCAAGTGATCCCGC
P5-3 TCTGGCTGAGTCAAGTGATCACTA
P5-4 TCTGGCTGAGTCAAGTGATCCTTT

Using these specific primers, we could easily amplify and quantify each DNA
path by PCR separately except for DNA paths #3 and #7 (Table2). Since both
DNA paths #3 and #7 can be amplified by the combinations of primers P0-1
and P5-4, it is difficult to quantify the amount of these DNA paths separately.
For this reason, to estimate the relative populations of DNA paths #3 and
#7 amplified in the PCR, we also analyzed the amplified DNA paths by gel
electrophoresis after 17 cycles of amplification (Fig.[J, lanes 7-9). In addition,
gel analysis of DNA paths #2 (Fig. Bl lanes 1-3) and #4 (Fig. Bl lanes 4-6)
amplified by 17 cycles of PCR demonstrated that only one DNA path can be
amplified using these specific primers.

As a result of quantitative PCR, the relative amount of each DNA path was
estimated, and the amounts are shown in Table Bl The relative amounts of DNA
paths were calculated from the lowest threshold number of PCR cycles in which
amplification of each DNA path was detected by fluorescence (Cr). According
to this experimental data, the theoretical order of concentrations of generated
DNA paths was consistent with the order of DNA concentrations estimated
by quantitative PCR in DNA paths #2, #3, #4, #6 and #7. However, DNA
concentrations of #1 and #5 did not correspond to the results of simulation.
Since the concentration of 100-bp DNA bands (DNA path #5 and #6) seems to
be more intensive than 60-bp DNA bands (DNA path #1) in Fig. B3], the length
of DNA paths may have some effect on the quantitative PCR method.
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Fig. 5. Species of DNA path amplified by specific primers described in Table
Bl Amplified DNA paths after 17 cycles of PCR were analyzed by 6% PAGE
and visualized by ethidium bromide staining. DNA templates (ligation mixture)
added to the reaction mixtures were diluted as follows: 1/ 20 (lanes 1, 4, 7), 1/
40 (lanes 2, 5, 8), and 1/ 80 (lanes 3, 6, 9). The arrow indicates 80-bp amplified
DNA paths. Lane M represents a size marker (100-bp DNA ladder).

Since only one band whose size corresponded to 80-base pair (bp) was visu-
alized in gel analysis of amplified DNA paths #2 and #4 (Fig. b)), the relative
amounts of these DNA paths estimated by quantitative PCR were completely
dependent on the amounts of these 80-bp amplified DNAs. In case of PCR with
P0-1 and P5-4 primers, DNA path #3 (80-bp) was mainly amplified, and a small
amount of DNA path #7 (120-bp) was observed. A comparison of the fluorescent
intensities of the DNA bands showed that the amount of DNA path #7 could
not be estimated because the intensity was too weak to quantify. This result
indicates that the relative amount of amplified DNA estimated by quantitative
PCR with P0-1 and P5-4 primers was almost identical to the amount of DNA
path #3.

We also performed sequencing analysis to confirm that the amplified DNA
paths are really identical with predicted DNA paths supposed to be amplified
by the specific primers. Using DNA paths amplified by 40 cycles of quantita-
tive PCR as templates, sequencing reactions were performed using Oy and ok
primers. It was found that all of the DNA paths amplified by quantitative PCR
were identical with the predicted DNA paths even in the 40 cycles of PCR am-
plification (data not shown).

4 Concuding Remarks

In this paper, we proposed the concentration control method that enables han-
dling of numeric data and implementation of a local search, and we showed that
shortest path problems can be solved by using this method. In the experiments,
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Table 3. Quantification of each DNA path by quantitative PCR (Smart Cycler
System). Reaction mixtures for quantitative PCR include 12.5 ml of 2 SYBR
Green Master Mix (PE Biosystems), indicated set of primers (20 pmol each)
and 5 ml of 1/100 diluted ligation mixture containing generated DNA paths as
a template. Forty cycles of PCR incubation at 94 °C for 15 sec, at 53 °C for 15
sec, and at 72 °C for 20 sec was performed, and amplifications of DNA paths
were monitored using a Smart Cycler System (Cepheid). Cr value represents
the lowest threshold cycle in which fluorescence of amplified DNA was detected
(fluorescent intensity = 2 in Smart Cycler System). N.D.: not determined.

. . i Relative DNA
DNA paths Size (bp)  Primers  Crin value Relative DNA amount Relative DNA amount

(27 /27 by simulation
#1 0-2-5 60 P0-2, P5-2 12.77 0.28 0.11
#2 0-1-2-5 80 PO-1, P5-2 15.18 0.05 0.08
#3 0-1-4-5 80 P0-1, P5-4 13.36 0.18 0.32
#4  0-2-3-5 80 P0-2, P5-3 10.92 1.00 1.00
#5  0-1-2-3-5 100 PO-1, P5-3 14.00 0.12 0.76
#6  0-2-3-4-5 100 P0-2, P5-4 15.57 0.04 0.04
#7  0-1-2-3-4-5 120 PO-1, P5-4 N.D. N.D. 0.03

it was easy to detect the optimal (or near-optimal) path by extracting the most
intensive band. We believe that the concentration control method will be useful
for other computing applications.

In the future, more experiments (both laboratory experiments and simula-
tions) on more scaled-up problems must be performed, in order to verify the
effectiveness of concentration control. Theoretical analyses are also needed. In
particular, we will have to discuss about the optimality of the path with the
highest concentration, in order to investigate other formulas to translate the
costs of edges into the relative concentrations.
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Abstract. Head proposed a framework of aqueous computing as a code
design free molecular computing. Aqueous computing handles an aque-
ous solution of general-purpose memory molecules with a small set of
elementary laboratory operations. It fits to solve a certain pattern of NP
complete problems. We focus upon scaling the address space up and pro-
pose another biomolecular realization. Peptide nucleic acid (PNA) is an
artificial analogue of DNA. Since PNA-DNA hybrid has higher melting
temperature than DNA-DNA case, PNA will take over hydrogen bonds
and displace itself into a double strand DNA. This phenomenon can be
regarded as an irreversible write-once operation on a memory molecule.
PNA brings a much larger address space than natural enzymes can pro-
vide. In this paper, we propose elementary operations for aqueous com-
puting with PNA and realize one bit memory for a feasibility study to
confirm strand displacement by PNA. We also propose an idea to copy
a memory state upon a DNA sequence by using whiplash PCR.

1 Introduction

Molecular computing originated by Adleman’s admirable work[l] has several
issues to overcome. Code design is one of the hardest tasks. We must design
the optimal DNA sequences for each given problems to be solved when we use
hybridization of nucleic acids as computing device. Code design can often be
harder than the given problem to be solved.

Head proposed a framework of aqueous computing as a code design free
molecular computing[2]. Aqueous computing handles an aqueous solution of
general-purpose memory molecules with a small set of elementary laboratory op-
erations. A memory molecule has a set of distinguishable positions or addresses
and each address associates a bit. Initially, all memory molecules represent the
same bit pattern of all 1’s, say "1111111---”. For an aqueous solution of such
memory molecules, a small set of elementary laboratory operations should be
prepared as follows.

Pour(n): divide the solution into n tubes. All tubes are expected to have the
same distribution of various bit patterns of memory molecules.
Unite: mix n tubes into one. Resulting solution should be randomized well.

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 213-222] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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Pour(4)

Fig. 1. aqueous algorithm

SetToZero(k): set the kth bit of all memory molecules in that tube to be 0.
MaxCountOfOnes: find the maximum number of 1’s in one memory molecule
from that tube. Standard laboratory operation like a gel electrophoresis would
help this step.

Figure 1 shows a portion of an aqueous algorithm with these elementary
operations. It generates bit patterns, which is combinatorial candidates of the
solution for given problem, by repeating Pour(n), SetToZero(k) and Unite
starting from the same memory molecules. Aqueous computing fits to solve a
certain pattern of NP complete problems[2][3][4][5].

Remark that aqueous computing does not require any operation to restore a
bit to solve NP complete problems. There are many candidate molecules avail-
able to realize such an irreversible write-once operation in the nature. This fact
is another merit of aqueous computing to scale the address space up towards
practical applications.

Figure 2 shows existing biomolecular realizations of a memory molecule. Both
use a plasmid, a circular double strand DNA, as a memory molecule and use
standard DNA modification enzymes to realize elementary operations.

CDL writing is developed by people in Leiden university[4]. A memory bit
pattern is represented by a set of short fragments inserted in the same restric-
tion sites. A set of restriction enzymes provides the address space. Initially, all
restriction sites have short fragments and interpreted as all 1’s. SetToZero(k)
is realized by; (1) cut plasmids by kth restriction enzyme, (2) delete the frag-
ment, and (3) ligate itself at sticky ends. After SetToZero(k), kth restriction
site of a memory molecule does not have a short fragment and its molecular
weight is reduced according to the missing fragment. This is an irreversible
write-once operation. MaxCountOfOnes is realized by a polyachrylamide gel
electrophoresis. Experiments with five bits memories have been reported.
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Fig. 2. existing realizations of aqueous memory

CEL writing is developed by people in Binghamton university[3]. A memory
bit pattern is represented by a set of carefully chosen unique restriction sites
themselves, which remain the same length of 5’ overhang. A set of restriction
enzymes provides the address space. Initially, all restriction sites exist and inter-
preted as all 1’s. SetToZero(k) is realized by; (1) cut plasmids by kth restriction
enzyme, (2) extend overhangs by DNA polymerase, and (3) ligate itself at blunt
ends. After SetToZero(k), kth site of a memory molecule does not code origi-
nal restriction site and its molecular weight is increased according to extended
bases. This is an irreversible write-once operation. MaxCountOfOnes is also
realized by a polyachrylamide gel electrophoresis. Currently, eight bits memories
are developed.

There are thirty to forty restriction enzymes available to provide an address
space for these realizations. However, forty is not large enough for practical
applications. We focus upon scaling the address space up and propose another
biomolecular realization with peptide nucleic acid (PNA). Section 2 proposes a
set of elementary laboratory operations. Section 3 realizes one bit memory for a
feasibility study to confirm strand displacement by PNA. Section 4 proposes an
idea to copy a memory state upon a DNA sequence by using whiplash PCR.

2 PNA Writing

This section summarizes the characteristics of Peptide nucleic acid (PNA) and
proposes a set of elementary laboratory operations for aqueous computing.
PNA is an artificial analogue of DNA[G]. Figure 3 compares single stand
PNA and DNA. PNA consists of a sequence of four bases like DNA along with
a peptide backbone like proteins. PNA can hybridize nucleic acids by hydrogen
bonds of compliment bases. PNA has interesting characteristics; (1) its peptide
backbone has no electric charge, (2) PNA-DNA hybrid has higher melting tem-
perature than DNA-DNA case, (3) PNA has higher sequence specificity than
other nucleic acids, (4) arbitrary short sequences can be synthesized like DNA
oligomers, and (5) standard end markers can be attached on both termini.
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Fig.3. PNA and DNA

The most interesting phenomenon is strand displacement. Figure 4 shows its
conceptual scheme. When a double strand DNA has a complement sequence of
a PNA, PNA will take over hydrogen bonds and displace itself into the double
strand DNA. It forms DNA-PNA-PNA triple helix if the base sequence satisfies
a certain condition. Since PNA-DNA hybrid would denature less than corre-
sponding double strand DNA, it is known that strand displacement is almost
irreversible and triple helix formation is totally irreversible. We use this phe-
nomenon as a write-once operation.

We straightforwardly designed a set of elementary laboratory operations for
aqueous computing. A memory molecule is a double strand DNA. A memory bit
pattern is represented by a set of PNA binding sites on the memory DNA. PNA
sequences provide the address space. Initially, all memory DNA has no strand
displacement by PNA and interpreted as all 1’s. SetToZero(k) is realized by
merely displacing the memory strand by kth PNA. After SetToZero(k), its
molecular weight is increased according to displaced PNA. This is an irreversible
write-once operation. We call this operation ”PNA writing” for short. We show
a feasibility study of PNA writing in the next section. MaxCountOfOnes also
can be realized by a polyachrylamide gel electrophoresis.

There is a cogent alternative to use a single strand DNA instead of a double
strand DNA. We only wanted to avoid unexpected secondary structure in a
feasibility study. We might change our mind if further investigation proves some
merits on using a single strand DNA. In any way, the most important merit
of PNA writing is the potentiality of extending the address space more than
natural enzymes.

3 Preliminary Experiment

This section shows three preliminary experiments to realize aqueous memory
by strand displacement with PNA. First, we confirm hybrid formation with
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double strand DNA and PNA. Next, we look for the optimal condition of strand
displacement. Finally, we develop one easy way of MaxCountOfOnes.

Ezxperiment 1 The idea to confirm hybrid formation with double strand DNA and
PNA is based on Nielsen’s work[7]. We prepared 10bps PNA ”"Lys-TTTTTTTT
TT” and 56bps DNA that has the PNA binding site inserted between two
BamHI sites ”5-M13M4-GGATCC-AAAAAAAAAA-GGATCC-M13RV-3" 7. If
the PNA displaces the correct site in the double strand DNA, it will inhibit
BamHI activity. We start with single strand DNA, hybridize it to PNA, and
then cover it by compliment single strand DNA to make correct hybrid. We
want to separate efficiency issue of strand displacement in this experiment. We
will discuss on efficiency of displacement in experiment 2.

Figure 5 shows the resulting 10% polyachrylamide gel electrophoresis (PAGE).
From the left, lane (1) shows original double strand DNA, (2) (1) cut by BamHI
from Takara incubated at 37 °C overnight in 1x reaction buffer K, (3) hybrid
of double strand DNA and PNA, (4) (3) cut by BamHI, (5) similar mixture of
double strand DNA and non homologous PNA (Lys-TTTTCTTTTT), (6) (5)
cut by BamHI, and (7) 20bp ladder (thick band corresponds to 200bps). Each
lane contains 5 pmol DNA. We used 50x more PNA to DNA in water.

Lanes (2) and (4) show PNA inhibits BamHI activity. Thin band around
40bps on lanes (1), (3) and (5) are single strand DNAs forming hairpins at
two BamHI sites. Double strand DNA looks not perfectly displaced with PNA
even start with hybrid of single strand DNA and PNA. Lanes (4) and (6) shows
PNA has high affinity. Displaced PNA do not make bands slower. We cannot
use PAGE straightforward to realize MaxCountOfOnes. We will discuss on
realization of MaxCountOfOnes in experiment 3.

Ezperiment 2 There are three main parameters to control for strand displace-
ment; the reaction temperature, the reaction length and the amount ratio of
DNA and PNA. We start with 37 °C, 30 minutes with 50x more PNA. We ex-
amined the reaction temperature; 37 °C, 55 °C, 73 °C and 91 °C (denatured),
the reaction length; 30 min, 2 hrs and over night (16 hrs), and the amount ratio;
5%, 50x and 500x.

As the result, all parameters are not so much sensitive for efficiency of strand
displacement. We omit details here. Figure 6 shows a portion of results about
reaction temperature. From the left, lane (1) show original double strand DNA,
(2) (1) cut by BamHI, (3) double strand DNA incubated with PNA at 37 °C 30
minutes, (4) 55°C, (5) 73 °C, (6) 91 °C and (7) 20bps ladder. Each lane contains
5 pmol DNA. We used 50x more PNA to DNA in water.

Efficiency of strand displacement remains low estimated less than 50%. We
could not reproduce Nielsen’s perfect results while their recommended condition
is 37 °C, 1 hour with 60x PNA. We guess we cannot perform 100% displacement
since the reaction is not completely irreversible and falls in certain equilibrium.
We need some auxiliary way to make computational steps reliable.

Rose et al. proposes PNA enhanced whiplash PCR|IT]. Their work suggests
several ideas on ours. One convincing way to improve efficiency is using bis-
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PNA, which consists of the same PNAs connected by some flexible molecule, to
form DNA-PNA-PNA triple helix. Rose’s thermo dynamical analysis suggests
this triple helix becomes very stable and consequently improve efficiency.

Ezperiment 3 The idea to realize MaxCountOfOnes is also simple. The left
part of figure 7 shows the idea. When PNA displaces double strand DNA, the
other strand, which is not hybridized with PNA, becomes free to hybridize an-
other compliment nucleic acids. We can attach some flag molecule to help gel
electrophoresis can distinguish the existence of strand displacement.

We prepared flag DNA which have 20bps double strand and sticky end 5’-
AAAAAAAAAA-3. The right part of figure 7 shows results. From left, lane
(1) shows original double strand DNA, (2) mixture of (1) with flag DNA, (3)
mixture of displaced double strand DNA, which is purified by QIAquick nucleic
acid removal kit from Qiagen, and flag DNA. Each lane contains 5 pmol DNA.
We used 50x more PNA and 20x more flag DNA to DNA.

Lanes (2) and (3) show clear distinction between clean double strand DNA
and PNA displaced double strand DNA. We believe MaxCountOfOnes can be
realized by this way.

As shown in this section, we could realize one bit memory for aqueous com-
puting.

Trrrrrrr PNA
memory DNA
displacement
™rrTTT flag DNA

N/

DNA flagpole

Fig. 7. DNA flagpole for MaxCountOfOnes

4 Memory State Copy

This section proposes an idea to copy the memory state upon a DNA sequence
by using whiplash PCR[8][9].

PNA is an artificial material and there are no natural and artificial enzymes
to amplify or destroy PNA-DNA hybrid. We cannot amplify memory molecules
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with PNA displacement. On the other hand, every laboratory processes have a
certain errors. Those mean accumulation of errors could be fatal for proposed
method when we need much more stages to solve large-scale problems. We should
develop extremely precise laboratory operations or another idea.

We propose a procedure to copy the state of a memory DNA with PNA
displacement upon a pure DNA strand. This might be too early to consider
since we could only developed one bit. However, we believe we should solve such
a substantial difficulty as soon as possible.

Figure 8 shows an outline of the copy procedure. We start with a single
strand memory DNA with PNA displacement. In previous sections, we proposed
a double strand memory DNA. We must remove the covering and from a double
strand memory DNA in some way, a magnet and magnetic beads for example.
There is an alternative to use a single strand DNA from first to last as we
mentioned. Here, we reserve the decision and assume we can successfully get a
single strand memory DNA.

The sequence of a single strand memory DNA is carefully designed. It has a
set of PNA binding sites. Figure shows such a DNA which have four PNA binding
sites P1, P2,- - - P4. Figure also shows one PNA just hybridizes the memory DNA
at the site P2. A PNA site is inserted in the same spacer sequence. Figure shows
Pi is inserted in spacer sequence 1.
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For whiplash PCR, we ligate a single strand memory DNA with a hairpin
sequence, add polymerase and start the thermal cycle. In the first cycle, poly-
merase extend 3’ end until the first PNA bound site. PNA blocks polymerase
before a few base pairs from the PNA bound site. Figure shows polymerase
is blocked in the way of the spacer sequence 2. Remark that extended spacer
sequence 2/ is a little shorter than the complete spacer sequence 2.

In the following cycles, the whip happens to skip the PNA bound site since
it is inserted in the same spacer sequence. Polymerase can continue to extend
remaining sequence if it could successfully skip the PNA bound site. Even if 3’
end of whip has an incomplete copy of a spacer sequence like 2/, it will be filled
up correctly.

After sufficient cycles of whiplash PCR, we can find a little short sequence is
produced so as to skip all PNA bound sites. Since this new sequence consists of
pure DNA, we can amplify it by normal PCR. The resulting double strand DNA
does not have PNA bound site P2 and one spacer sequence 2, and consequently
has smaller molecular weight.

This procedure does not copy a memory molecule itself. Instead, it does copy
the state of a memory in the sense that the same PNA can no more displace the
strand once that PNA has displaced. For example, PNA P2 cannot displace the
amplified memory DNA since P2 has been removed as shown in the figure. In
other words, the copy procedure preserves write-once property. We can amplify
memory molecules in arbitrary stages of aqueous computing.

We must consider one point that the relationship between the molecular
weight and the count of ones by this copy procedure. In order to keep consistency,
we must apply the copy procedure just before MaxCountOfOnes.

This section shows only an idea. We need a lot of feasibility studies. Whiplash
PCR technique can be refined to achieve dozens of steps[10], but it is also known
whiplash PCR has difficulty that the back annealing prevent large number of
transitions. However, we believe we can develop an efficient procedure since we
don’t need non-deterministic behavior in the proposed copy procedure. PNA
enhanced whiplash PCR also suggests one idea that covering already copied
strand by PNA shell would efficiently inhibit back annealing.

There are several complicated constraints to successfully synthesize PNA
from the limitation of current manufacturing method. The developer of PNA
provides rough heuristic guidelines but we faced some difficulty for almost all
the ordered sequence even satisfying the guideline. It could be a major drawback
of PNA. However, we estimate current restricted length of codes can provide
few hundreds bits that is large enough than existing methods using natural
restriction enzymes.

5 Conclusion

Aqueous computing is a framework for code design free molecular computing.
We proposed a biomolecular realization of aqueous computing with PNA-DNA
hybrid, showed a preliminary experiment with one bit memory, and proposed an
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idea to copy memory state. We can develop collection of parts, but we believe at
least 100 bits class memory is required for practical applications and proposed
method has potentiality.
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Principles of Length-only Discrimination
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Abstract. We previously introduced the length-only discrimination
(LOD) method for generate and search models of DNA computing. Here
we report experimental confirmation of the validity of the basic opera-
tions of LOD method. We created a test graph consisting of four nodes
and three edges, in which multiple paths are possible. Experimental
results indicate that primitive operations required to implement LOD
method work efficiently. We conclude that further work is needed to test
the efficiency and practicality of applying LOD methodology to larger
graphs.

1 Introduction

In his paper “Molecular Computation of Solutions to Combinatorial Problems”
[I] Dr. Leonard Adleman presented a DNA-based method for determining the
existence of Hamiltonian paths in directed graphs. A directed graph is said to
have a Hamiltonian path if and only if there is a path in the graph beginning at
vertex vp and ending at vy that enters every other vertex in the graph exactly
once. Hamiltonian path problem is a part of the complexity class NP, a class
whose membership can be verified in polynomial time. Presently, no polynomial
time algorithm for problems in NP is known, and the question of whether P=NP
is one of the great open questions of the theory of computation. Hamiltonian
path problem is also an example of an NP-complete problem, a subclass of
NP problems interesting because their individual complexity is related to the
complexity of all the problems in the class in such a way that if a polynomial
time algorithm was found for one NP-complete problem, all problems in NP
would be solvable in polynomial time.

By utilizing DNA’s ability to form double-stranded duplexes with comple-
mentary sequenced strands, Adleman developed a “generate and search” ap-
proach to molecular computing. Adleman encoded each vertex and edge of a
graph with a strand of DNA, then combined the strands and ligated them to
form all legal paths in the graph. Finally, he searched through the paths obtained
to find one that started and ended in the predetermined vertices and visited
every other vertex exactly once. Unfortunately, Adleman’s original algorithm
was error-prone and time-consuming. The sorting step within his algorithm was
proven to be ineffective [3], the flaw further magnified by the PCR amplification.

We previously introduced the length-only discrimination (LOD) method for
generate and search models of DNA computing [5]. Using the LOD approach,
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the scientist is only concerned with the number of base pairs, not their sequence.
To implement such an approach, the encodings of vertices must vary in size in
such a way that no summation of an equal number of elements would present
the same answer. We discuss in Section 2 below how such size difference may be
achieved. Instead of utilizing magnetic bead separation in order to discriminate
between the various paths of the same length on the base of their sequence, one
need only to separate the resulting products by size, for example via agarose gel
electrophoresis.

In LOD, as in the original generate-and-search approach introduced by Adle-
man, we rely on correct paths, and only correct paths forming. LOD approach
allows us to easily recognize whether the path we were looking for was actually
formed. However, to be sure that the path formed actually corresponds to a
Hamiltonian path, we need to be sure that only legal paths in the graph are
formed. The experiments presented below are, therefore, aimed at ensuring that
the primitive operations required to form paths in an LOD encoding of a graph
function properly.

We have conducted a series of experiments to test the primitive operations
required for LOD. In the context of our experimental work we have found that
when all edges and vertices comprising a path are present, the path is formed;
if an edge or a vertex in a path is missing, the path is not formed; and when
multiple paths through the graph are possible, and all components of these paths
are present in solution, all the paths are formed.

Fig. 1. The test graph.

The structure of the test graph is shown in Figure 1. As one can see from the
figure, multiple paths are possible in the graph, namely the paths V; — Vo — V3
and V3 — Vo — V.

In the remainder of this paper we describe an LOD algorithm for the Hamil-
tonian path problem and the DNA implementation of the test graph we used to
test the viability of the basic operations of LOD (Section 2), show that if and
only if all edges and vertices comprising a path through the graph are present in
solution, then this particular path is formed (Section 3), show that when mul-
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tiple paths through the graph are possible, and all components of these paths
are present in solution, all the paths are formed (Section 4), and conclude that
larger graphs, such as Adleman’s original graph, need to be explored experimen-
tally before a conclusion on the practicality of the LOD approach can be reached
(Section 5).

2 Hamiltonian Path Algorithm and DNA Implementation

The following is an LOD algorithm for solving an instance of the Hamiltonian
path problem:

Generate all legal paths through the graph.

Keep only the paths beginning with v; and ending with vy.
Keep only those paths that enter each vertex exactly once.
If any paths remain, return “yes,” otherwise return ”no.”

= 0N =

The algorithm can be implemented by a set of simple biological operations. Step
1 is implemented by combining together oligonucleotides encoding the vertices
and edges of the graph, and using polymerase and ligase to fill in the gaps in the
complementary assemblies of these oligonucleotides. Step 2 is implemented by a
simple PCR reaction using v; and the complement of vy as the primers. Thus
only the portions of the paths that start in v; and end in vy are amplified. Steps
3 and 4 are implemented simultaneously by size separation of the products of
Step 2. In our experiments we used agarose gel electrophoresis, but a number of
other approaches are possible.

Because in LOD we encode the vertices in such a way that no summation of
lengths of equal number of elements is the same, and because we encode edges
to be longer than the longest vertex, the Hamiltonian path, if it exists, would
produce a band of characteristic size-the sum of length of all the vertices plus
(n — 1) edges, where n is the number of vertices. If such a band is present, we
return “yes,” otherwise we return “no.” The method for deriving the length of
the vertex encodings is surprisingly simple. It is easy to see that if we need to
find n different lengths, than starting with an arbitrary number for the length of
the first vertex, we can produce the sequence of length with desired properties by
making a gap between the lengths of the ith and the (i + 1)st vertices be (n+1).
This scheme works because any nonhamiltonian path of n vertices necessarily
repeats at least one vertex, and our encoding guarantees that no summation of
lengths of ¢ non-unique vertex encodings equals the sum of the lengths of any
unique vertex encodings. We also note that the encodings of the edges are longer
than any vertex encoding. This ensures that the length of the encoding of any
path with (i + 1) vertices would be greater than the length of the encoding of
any path with ¢ vertices. Table 1 lists the lengths of the particular encodings we
used in the test graph shown in Figure 1.

Figure 2 illustrates the encodings of vertices and edges that allow for com-
plementary assembly in Step 1 of the algorithm. For any two vertices v; and v;
and edge e;_; from vertex v; to vertex v;, we produce oligonucleotides v,,—;_;,
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Vertex/Edge|Length (in bps)
i 29
Va 12
V3 20
Vi 40
FEh2, Eo3, Eos 63

Table 1. The lengths (in base pairs) of vertices and edges in the encoding of
the test graph shown in Figure 1

Vi—j—m, and e;_;. Vertex oligonucleotides contain the encoding of the vertex
itself surrounded on either side by the complements of portions of the incoming
and outgoing edges. Thus, for a vertex with indegree k and outdegree [ we pro-
duce kl oligonucleotides. For example, 15-mer proximal to the 3’ end of v,,—;—;
is complementary to the 15-mer at the 3’ end of e;_j;, the edge joining it to
the next vertex, v;_j_p,. The 5’ 15-mer of v;_;_,, is complementary to the 5’
15-mer of e;_;. The notation we use assumes that there is an edge e,_; joining
vp, to v;, and there is an edge e;_,, joining v; to vy,. If a vertex has no incoming
edges, or no outgoing edges, its encodings only contain complementary portions
of the edges in the direction where an edge exists. To label a vertex encoding
for a vertex with no outgoing edges, we repeat this vertex’s own number in the
subscript. For example, an encoding of a vertex v; with no incoming edges and
an outgoing edge to a vertex v; would be labeled v;_;_;. Labeling of the vertices
with no outgoing edges is analogous.

3 € i—j 5
R S R
5 3 5 3
| | | [I— | | |
\ \ \ \ \ \ \ \
Vn-i-j Vidj-m

Fig. 2. Complementary assembly of the paths through a graph.

In order to demonstrate viability and validity of LOD method, we need to
show that the basic operations required for implementing an LOD algorithm
work. In particular, we need to demonstrate that

1. if and only if all edges and vertices comprising a path through the graph are
present in the solution this particular path is formed, i.e.
(i) when all edges and vertices comprising a path are present, the path is
formed, and
(ii) if an edge or a vertex in a path is missing, the path is not formed;
2. when multiple paths through the graph are possible, and all components of
these paths are present in solution, all the paths are formed.
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3 A Path through the Graph Is Formed if All the Edges
and Vertices Comprising This Path Are Present in
Solution

In all our experiments we use the thermostable polymerase-ligase system de-
veloped by Khodor and Gifford [4]. Both the Taq DNA ligase and Vent DNA
polymerase enzymes have been successfully used for large applications sepa-
rately, and in the programmed mutagenesis experiments conducted by Khodor
and Gifford. We do not anticipate any scalability problems with the enzyme sys-
tem. Figure 3 experimentally demonstrates that a path through the graph can
be formed, and that it is only formed when all the components are present.

1, Vi VY W1, VW
er; atwd ey gy orly

1 2 3 4

Fig.3. A path through the graph is formed if all the components of the path
are present in solution

We combined vertex oligonucleotides v1_1_2, v1_2_4, and vo_4_4 and edge
oligonucleotides e;_5 and e;_4 to form a complete path v; — vy — vy. As a
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control, in a separate reaction, we combined the same oligonucleotides with the
exception of ea_4. We then followed the algorithm above for solving an instance
of Hamiltonian path problem with v; = v; and vy = v4. Lanes 1 and 2 in Figure
3 contain bands of target size, 207 bps, corresponding to the sum of lengths of
vertices vy, v9, and vy and two edges, indicating that when all the encodings of
all the vertices and edges comprising a path are present in solution, the path is
formed. The band of target size is missing in lanes 3 and 4, which contain those
reactions lacking e;_4, indicating that when a component of a path is missing in
a reaction, the path is not formed. Thus, the path through the graph is formed
iff the encodings of all the components of the path are present in solution.

4 When Multiple Paths Are Possible, All Paths Are
Formed

Figure 4 shows that when elements comprising two possible paths through a
graph are present in solution at the same time, both paths are formed.

2

Fig. 4. Multiple paths through the graph can be formed at the same time.

We combined vertex oligonucleotides v1—_1—_2, ¥1_2—4, V2_3_3, and va_4_4 and
edge oligonucleotides e;_s, ea_3, and ea_4 to form both possible paths through
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the graph (v; —vo — v3 and v1 — v9 — v4). As a positive control, in a separate
reaction, we combined oligonucleotides that make up the path vy —vs — v3. We
then followed the algorithm above for solving an instance of Hamiltonian path
problem with v; = v; and the appropriate vs(s). Lane 1 in Figure 4 contains
a band of target size 187 bps, corresponding to the sum of lengths of vertices
v1, V2, and vz and two edges, representing the path v; — v9 — vs. The bands
representing both paths are present in lane 2, although the band representing
the longer path is significantly brighter. The result indicates that when multiple
paths through the graph are possible, and all components of these paths are
present in solution, all the paths are formed.

5 Conclusions

Our experimental results have demonstrated that a number of key aspects of
LOD function properly. We have seen that it is possible to create a system
where multiple paths can be formed, and the paths are formed only when all the
components are present.

Bancroft and colleagues proposed using horizontal chain reactions for the
generate and search approach [2]. However, unlike LOD, this approach necessi-
tates processing solution molecules beyond size separation in order to discover
whether there is Hamiltonian path in the graph. Both methods of processing pro-
posed have drawbacks. Using a unique restriction enzyme for each edge in the
graph imposes the limit on the size of the graph. Readout by degenerative PCR
with the primers for each possible edge requires post-processing of the results
to deduce the order of the edges in a Hamiltonian path, if such a path exists. It
could be argued that such post-processing is akin to solving the original prob-
lem itself. In addition, if more than one Hamiltonian path exists, deciphering
the output produced by either of the methods described above becomes more
difficult. In contrast, using LOD method, whether a Hamiltonian path exists in
a graph becomes clear immediately once the size separation step is performed.

Because LOD does not require performing an operation for every vertex in
the graph, the amount of time required to perform a computation is constant,
regardless of the size of the graph. Therefore, LOD method appears to be more
scalable than the original method proposed by Adleman [I]. As with any other
self-assembly technique, the larger the number of different elements in the soup
at the same time, the greater the probability of assembly error. The initial time
necessary for the self-assembly to take place would also increase with the number
of components. However, these are concerns with any self-assembly technique and
the probability of error in LOD systems may actually be somewhat decreased
due to the use of the two-enzyme system. Both the Vent polymerase and the
Taq ligase are fairly sensitive to the mismatches occurring near their respective
active sites, so the incorrectly pre-assembled paths may never be completed.

One may also be concerned about the sensitivity of the output detection
technique for the use with larger graphs. While the increasing sizes of the graphs
would mean substantially longer paths, it would also imply that the gaps in sizes
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between differing paths would also increase. However, since the target size of a
Hamiltonian path is known before an experiment is run, we can discriminate
between paths with even a very small length difference by running the result of
the experiment on an acrylamide gel until the fragments of the target size enter
the portion of the gel where single-base discrimination is possible. A variety
of other highly sensitive length-based discrimination techniques are now being
developed that may be of use for LOD applications.

It is also worth noting that manufacturing oligonucleotides that make up an
encoding of a large fully connected graph once would allow us to use subgraphs
of it for solving smaller problems without additional set-up time and cost.

While the basic operations of LOD appear to work properly in the test graph
we explored in this work, in order to asses the practicality of LOD method for
general computation, the method needs to be tested on larger graphs, such as
Adleman’s original graph.
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Abstract. We describe on-going experiments for executing associative
search queries within synthesized DNA databases. Queries are executed
by hybridization of a target database strand with a complementary query
strand probe. In our initial annealing experiments for processing associa-
tive search queries, we employed fluorescently labeled query strands and
performed separation of fluorescent versus non-fluorescent beads using
Fluorescence Activated Cell Sorting (FACS or flow cytometry). We also
tested polymerase chain reaction (PCR) as an output method, and de-
veloped a PCR technique for search in the pair-wise constructed library
that exploits the particular properties of words in that library. We have
also implemented computer software that provides a simulation (view-
able on the internet) of the experimental search procedures, as well as a
simulation of input/output from conventional 2D images.

1 Introduction

1.1 Overview

All known biological organisms make use of the sequential ordering of monomeric
bases in long-chain nucleic acid molecules for storage, processing, and transmis-
sion of biological information. Researchers in the field of DNA-based computing
are now investigating the possibility of encoding, storing, manipulating, and re-
trieving non-biological information in DNA sequences. The present study aims
to test one such application, specifically, the creation of large databases of DNA
sequences and methods for associative search queries within the databases.
The extreme compactness of DNA as a data storage is nothing short of
incredible. Since a mole contains 6.02 x 1023 DNA base monomers, and the
mean molecular weight of a monomer is approximately 350 grams/mole, then
1 gram of DNA contains 2.1 x 1021 DNA bases. Since there are 4 DNA bases,
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each DNA base can encode 2 bits, and it follows that 1 gram of DNA can store
approximately 4.2 x 1021 bits. In contrast, conventional storage technologies can
store at most roughly 109 bits per gram, so DNA has the potential of storing data
on the order of 1012 more compactly than conventional storage technologies.

1.2 Prior Work

Eric Baum [I] first proposed the idea of using DNA annealing to do parallel
associative search in large databases encoded as DNA strands. The idea is very
appealing since it represents a natural way to execute a computational task in
massively parallel fashion. Moreover, the required volume scales only linearly
with the data base size. However, there were further technical issues to be re-
solved. For example, the query may not be an exact match or even partial match
with any data in the database, but DNA annealing affinity methods work best
for exact matches. Reif and LaBean [2] proposed improved biotechnology meth-
ods to do associative search in DNA databases. These methods adapted some
information processing techniques (Error-Correction and VQ Coding) to opti-
mize input and output (I/O) to and from conventional media, and to refine the
associative search from partial matches to exact matches. Prior to our project,
the use of DNA annealing to achieve parallel associative search had not been
experimentally implemented.

The current study follows from significant prior work by Lynx Therapeutics
on construction of bead-bound DNA libraries [3J4]. The Lynx methods were de-
veloped for the purpose of differential expression analysis which is the comparison
of the ensemble of mRNA transcribed in different cell types or at different times.
The Lynx method begins with the synthesis of a large combinatorial library of
oligonucleotides by mix-and-split technique on plastic beads. They are appended
with cDNA such that each ¢cDNA is linked with high probability to only a single
unique synthetic tag. Differential analysis is accomplished by hybridization of
fluorescent labeled probes and sorting by FACS. The prior work made signif-
icant strides toward construction of specific purpose DNA-encoded databases.
The current study utilizes a similar synthetic technique for construction of im-
mobile libraries, however we have designed modified methods for construction of
libraries of much larger size, we are interested in implementation of associative
search, and we have allowed for output via not only FACS but by PCR.

There is also considerable prior work on DNA codeword design [BI6I7ZIR/9/T0]
and on word design used for surfaced-based DNA computing [11[12]. [13] shows
that surface morphology may be an important factor for discrimination of mis-
matched DNA sequences. A three-base design has been described [14]. Evolu-
tionary search methods for word designs are described in [15]. Laboratory ex-
periments of word designs have been performed [16] and ligation experiments
are described by Jonoska and Karl [I7]. Wood [I8] considers the use of error cor-
recting codes for word design and to decrease mismatch errors. Hartemink et al.
[19] described an automated constraint-based procedure for nucleotide sequence
selection in word design. We will utilize and improve on these methods for DNA
word design, including evolutionary search methods, and error correcting codes.
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1.3 Current Work

This paper details a study involving the design, construction, and testing of large
databases for the storage and retrieval of information within the nucleotide base
sequences of artificial DNA molecules. The database consists of a large collec-
tion of single-stranded DNA molecules, either free in solution or immobilized
on polymer beads, glass slides, or chips. A database strand carries a particular
DNA sequence consisting of a number of sequence words drawn from a prede-
termined set, or lexicon, of possible words. We use at least 10 times more DNA
than the theoretical minimum of one DNA strand per data item, to provide at
least 10-fold redundancy, so each database element is represented by approxi-
mately 10 identical strands of DNA. This level of redundancy is probably on the
lowest end of the range of detectability. These libraries can be used to emulate
smaller libraries with much greater redundancy by essentially ignoring the val-
ues recorded at some internal positions. We would experience a 12* fold increase
in redundancy if values of k£ blocks are ignored. This strategy will be explained
further below.

The experiments described here involve the hybridization of query strands to
database strands such that database strands of interest will become marked and
separated from the bulk database following query strand binding. A query strand
contains the complement of a portion of a database strand, such that the query
strand will specifically hybridize (anneal) and co-localize with its complementary
database strand. Although the experimental libraries we constructed essentially
only hold only a singe bit of information per database element (the data bit is 1
if and only if the element is contained in the library), we can in principle append
to each library element a further DNA sequence providing data values.

One goal of the study is to measure rates of various search errors includ-
ing: false positives from near-neighbor mismatches, partial matches, and non-
specific binding as well as false negatives from limit-of-detection problems.
False positives should be minimized by careful design of the word, lexicon, and
database elements, as well as experimental tuning of annealing conditions such
as temperature-ramp rate, pH, and buffer and salt concentrations. It is desir-
able to directly measure the limits of detection. It is also useful to construct a
database containing words of known, low probability and some of known, high
probability; then word strings of known probability can be queried to gauge the
ability to retrieve rare sequences within databases of high strand diversity.

1.4 Small Test DNA Library Experiments

For test purposes, we first synthesized by combinatorial, mix-and-split methods
a small test library of size 4% on plastic microbeads. We used a biased synthesis
technique that made certain sequences have very low probability. For testing of
annealing stringency on this library, we used fluorescently labeled query strands
and then performed separation of fluorescent versus non-fluorescent beads by
fluorescence activating cell sorting (FACS). We have completed the construction
of this test library and implemented readout by FACS.
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1.5 Larger DNA Library Experiments

Then we increased the scale of our experiments and synthesized a larger ini-
tial DNA library, again by combinatorial, mix-and-split methods on plastic mi-
crobeads. This resulted in an initial library of size 127 = 35,831, 808. Each
element in the initial database encodes a sequence of 7 base 12 numbers, using
a sequence of 7 consecutive 5 base DNA words.

1.6 Extremely Large DNA Library Experiments

We are now constructing a large, diverse library of 12! DNA sequences. Each
DNA strand of the library is single-stranded and encodes a number which pro-
vides the index to the database element. To encode the base 12 digit in the ith
position, we use a distinct 12 element set S; of DNA subsequences, each of 5
DNA bases in length. The encoding of each k place base 12 digit integer is thus
done using a sequence of k consecutive 5 base DNA sequences. In addition each
DNA strand of the library has certain flanking subsequences that are used in
the synthesis of the library.
Our strategy entails a two phase synthesis of this DNA library:

(1) First we utilize our initial DNA library of size 127 = 35,831,808 which we
have already constructed by combinatorial, mix-and-split methods on plastic
microbeads.

(2) Then we square the size of the library by combining pairs of the initially
synthesized library strands using DNA hybridization and ligation. The re-
sulting DNA data base elements consist of a concatenation of two of the
previously constructed strands. The second phase will result in libraries of
size 121 = 1.28 x 10'°.

Although the constructed library essentially holds only a single bit of in-
formation per database element (the data bit is 1 if and only if the element is
present in the library), we can easily append to each library element a further
sequence providing additional data values).

1.7 Associative Search in This Extremely Large DNA Library

For testing of readout of a specific data element in the very large resulting li-
brary constructed in the second phase, we will use a two stage process. First,
we use FACS to separate out beads whose DNA strands contain a selected suf-
fix. Then we use PCR amplification, exploiting the particular properties of the
concatenated words to ensure high fidelity selection of the desired data element.
Suppose the database element searched for is indexed by a number written base
12 whose first 7 “digits” base 12 are U and last 7 “digits” base 12 are V. Then
that database element is encoded by a DNA word where U is encoded by a
40 base subsequence in the prefix portion of the DNA word, and where V is
encoded by a 35 base subsequence in the suffix portion of the DNA word. The
PCR amplification can be done by repeated stages, where each stage involves
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an annealing of a primer U, or V or their complement. The success of the PCR
amplification depends critically on annealing stringency of the primers, which is
enhanced by the fact that (a) the primers are only 35 bases and (b) that each
distinct pair of word sequences within a block differ by at least 3 bases. This
PCR amplification can in principle be followed by readout via sequencing and
the use of a DNA annealing array (we did not experimentally execute this final
readout phase but performed a computer simulation instead.

2 Design and Synthesis of DN A Databases

2.1 Design of DNA Databases

In designing a DNA-encoded database one must consider several important fac-
tors including the following. The overall length of the oligonucleotide sequences
used for matching is critical because sequence length directly effects the fidelity
and melting temperature of DNA annealing. Hamming distance (or number of
changes required to morph one sequence into another) is another critical consid-
eration. One would like to maximize the Hamming distance between all possible
pairs of encodings in the database in order to minimize near neighbor false-
positive matching. One strategy for maintaining sequence distance is to assign
block structures to the sequences with sets of allowed words (subsequences) de-
fined for each block (see Figure 2). This strategy also lends itself well to chemical
synthesis of the database and will be further described below. Another impor-
tant consideration is the choice of the words themselves and the grouping of
words into sets for use in the blocks. Sentence length, desired library diversity,
and word-pair distance constraints all effect the choices of words in the lexicon.

In designing the initial small test DN A-encoded database, first it was decided
that 24 residues was a good length for the data-encoding, match region of the
sequences (the tag sequence to which the probe sequence on the query strand
would bind). Next, a word/block synthesis scheme was decided upon. Figures 1
and 2 show high level views of several important aspects of the database design.

Di.Sta] Database Region Proximal
Primer Primer

Site Site

Resin
Bead

Fig. 1. Schematic Plan for Database Strands. DNA is shown extending toward the
left from the spherical resin bead. The 5 and 3’ constant regions (identical on each
and every bead in the library) contain the proximal and distal sites for ssDNA primer
binding for second-strand synthesis, PCR amplification, and sequencing. The database
region (rectangular box) contains the variable sequences which are used to encode
information. Details of the specific variable regions synthesized are given below.
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BLOCK 1 BLOCK 2 BLOCK 3 BLOCK 4

Word2A m Y Word4A
Word2B Word3B [Word4B
Word2C Word3C Word4C
[Word2D Word3D Word4D

Fig. 2. The Range of Possible Sentences entailed by a Word-Block Construction
Scheme. For each block position in the sequence, one word is chosen from the word
set and synthesized on the growing DNA strand. Separate reaction vessels are used for
each word in the block so that all the word choices are utilized but only one is present
on any particular strand. For example, the arrows indicate the trace which results in
the sentence: word1A-word2D-word3A-word4B. A particular bead is drawn through
a particular path in the set of possible word choices, but all possible paths will be
populated with beads therefore all possible DNA sentences will be synthesized. Each
bead contains multiple copies of a single DNA sequence (see below for details of the
mix-and-split synthesis scheme).

If the set of possible sentences greatly exceeds the number of beads used in the
synthesis, then probabilistically, each bead will display a unique sequence (one-
bead-one-sequence). In the present case, the number of beads in the synthesis
exceeds the number of possible sentences, thus multiple beads containing any
particular sentence will be present. On all beads the 5’ and 3’ constant regions
contain invariant sequences regardless of the central variable sequence. These
constant regions are used for PCR amplification of all database strands present in
a test tube. The size of a particular database (its potential information content)
is given by the diversity of possible sequences within the specific library design.

The terms ‘library’ and ‘database’ are used somewhat synonymously but
‘library’ refers more to the physical collection of DNA strands, while ‘database’
refers to the interpretation of that collection of molecules as a means of storing
and manipulating information. Diversity refers to the total size of a library or
database, that is, the number of unique sequences consistent with the design and
synthesis criteria. Library diversity scales with the number of blocks and with
the size of the set of words allowed in each block as shown in Figure 3.

By varying the probabilities for different words within a block, the database
provided the capability for testing query searches for rare sequences down to one
in approximately half a million. From each set of four words in any given block,
word probabilities (concentrations) were set at 2z, x, z, and 1/2x by dividing the
resin into four, uneven batches and synthesizing a specific word onto each. Thus
the most common database entry or “sentence” was present at (4/9)% = 1/130
randomly selected database strands and the average sentence was be found with
probability (2/9)% = 1/8,304. However, the most rare strand had probability
(1/9)% = 1/531,441. This provided us the opportunity to simulate a library of
size 531, 441 where individual strands have probability 1/531, 441. This range of
word probabilities provided a very wide range of sentence probabilities while only
requiring a 4-fold differential during the division of resin in the oligo synthesis
steps.
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Fig. 3. Library Diversity versus Sentence Length. The figure shows the scaling of
library diversity with increasing sentence length (block count) and increasing number
of available words within each block. The relationship between words and blocks was
described above in Figure 2. Diversity is calculated by raising the word count to the
exponential power given by block count (i.e. diversity = [word count]”'°™ ©'**) As a
simple example, to achieve a total diversity greater than one million with sentences
containing 6 blocks, one would require a set of 10 word choices per block. To achieve
our goal of a total diversity of 12' with sentences containing 14 blocks (for example)
requires a set of 12 word choices per block.

2.2 'Word and Block Set Design

The Hamming distance between two DNA words is the total number of base
mismatches, for the best possible alignment of the two sequences. A set of pro-
grams was written in CTT to assist in balancing the following constraints of
good DNA code words: 1) minimize the melting temperature difference (T,,)
between words so that hybridization of multiple words proceeds simultaneously;
2) maximize Hamming distances between word pairs and between words and
complements of word; 3) avoid frame shift binding errors by minimizing over-
lap between desired words and spurious words straddling boundaries between
adjacent blocks.

It was previously noted that a library strand with A, C, G, and T has much
greater chance of significant secondary structure than a library strand com-
posed of just A, C, and T [3]. We use only A, C, and T in our DNA code
word design. In this document, we represent a DNA code word as a string
over the alphabet {A,C,T} and assume that the leftmost end of the string
corresponds to the 5 end of the associated DNA code word. The number of
C' residues present per word profoundly affects the T, value. From the alpha-
bet {A,C, T} our first program generates all the words containing the desired
number of C’s. For example, if we specify the minimum number of C’s to be 1,
maximum number to be 1, the word length to be four. The following words are
generated: AAAC, AACA, AACT, AATC, ACAA, ACAT, ACTA, ACTT,
ATAC, ATCA, ATCT, ATTC, CAAA, CAAT, CATA, CATT, CTAA,
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CTAT,CTTA,CTTT, TAAC, TACA, TACT, TATC, TCAA, TCAT, TCTA,
TCTT, TTAC, TTCA, TTCT, TTTC. Beginning with this set of words, the
second program generates all subsets which satisfy minimum Hamming distance
and minimum set size requirements. The third program generates the satisfied
library. It addresses the issue of spurious word repeats due to “frame shifts” at
boundaries between neighboring blocks. This program takes the following pa-
rameters: If we have block A and its adjacent block B. Take one word from A
and another from B, we have a total of 16 word pairs that form an 8 base se-
quence. The shifting distance is the minimum Hamming distance between every
word (in A and B) and every pair (the 8 base sequence) by shifting. We also
defined a score function that reflects the probability of generating word repeats.
This score was minimized in order to minimize duplicated words. Due to the
high number of sets generated from the second program, it was not possible to
test all possible libraries. This program uses instead a greedy algorithm. It gives
us a result that satisfies the specified parameters. We ran the whole program
multiple times and each time received distinct results. To choose between these
viable results, we used two constrains: i) minimize duplicated words; ii) minimize
shifting score (as mentioned above).

To decide which one to use from among the generated sets, we simulated
hybridization tests for every sequence in the library as follows: (i). We used a
program to generate all the possible sentences; (ii). We concatenated the result-
ing sentences together to form a huge DNA sequence. (iii). The first sentence,
the last sentence and the sentence with the most duplicated words (from i) were
used as probes. The software BIND [20] was used to calculate free energies of
association and melting temperatures for each potential probe binding sites; re-
sults were used to compare exact matches with spurious or partial match sites.
The T, value between the best binding site and the next best binding site is
compared. The chosen set had larger overall T;,, difference and fewer duplicated
words.

2.3 Synthesis of Database

Desired manipulations of the DNA databases require the strands to re-
main bound to the resin beads upon which they are synthesized. The
resin chosen as solid support was TentaGel M NHs (Rapp, Inc; see
http://rapp-polymere.com/). It is a monodisperse resin consisting of
polystyrene microspheres functionalized with amide groups (NHs). The unifor-
mity of bead size enables application of automatic sorting techniques. Release of
the DNA can be made by treatment with acid. For the 20 mm bead size, the NH,
capacity is 1.0 pmoles/bead (pmole = 10~!2 mole), which provides attachment
of 6.02 x 10! strands of DNA per bead. One gram of the 20 um bead resin con-
tains approximately 2.4 x 108 beads. For the 10 um bead size, the NHy capacity
is 0.13 pmoles/bead, which provides attachment of 7.83 x 10'° strands of DNA
per bead. A gram of the 10 um bead resin contains approximately 1.95 x 10°
beads.
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Fig. 4. Flow chart of mix-and-split synthesis scheme. At the beginning of the process
(top) bare resin beads are prepared for library construction; this can include synthesis
of the 3’ constant region in a single reaction vessel. Step 1: resin is split into separate
reactions (the figure shows division into two parts). Step 2: a single, specific sequence
word is synthesized on all beads in each of the vessels (one vessel — one word). Step
3: All resin is recombined and mixed so that in the next splitting (Step 4) each vessel
will receive beads carrying each of the preceding words (both black and white words
from Step 2). The next word is added in Step 5; the entire ensemble is remixed in Step
6 and the process can continue with one splitting step for each block in the design.
The final result of the process (bottom of figure) is a library of beads where each bead
contains multiple copies of a single sequence (for clarity only a single copy is shown
per bead). Note that in this summary figure the word syntheses are shown as single
steps while the actual chemistry requires the addition of nucleotide monomers one at
a time, so each synthesis step in the figure corresponds to a series of chemical cycles
— one cycle for each base in a word.

Figure 4 provides a general outline for the mix-and-split procedure used for
the synthesis of combinatorial database libraries. The process can produce vast
libraries in which multiple, identical copies of a DNA sequence will be created on
any given bead. This one-bead/one-sequence design produces libraries suitable
for associative search query experiments because fluorescent probe will localize
to and label specific beads carrying copies of target sequence and fail to label
beads carrying unrelated sequence.
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Fig. 5. DNA Sequences for Small Database. The word set design criteria and pro-
cedures described above were used to arrive at the word sets listed. The distal and
proximal constant regions were designed to contain Ase I and Dra I restriction endonu-
clease cleavage site (respectively). Restriction sites were included because they may be
useful for removing strands from the beads and for possible concatenation or cloning
if the necessity should arise. The constant regions each contain 50% C to increase the
melting temperature of primer binding.

The database strands were synthesized using an ABI automatic synthesizer
and conventional phosphoramidite chemistry. Fresh, dry reagents and solvents
were used with coupling times and deprotection conditions designed to optimize
synthesis yield. Yields in the high ninety percents were obtained per synthesis
cycles. Figure 5 presents detailed sequence information for synthesis of the initial,
small library. Figure 6 shows four database sequences which were chosen as
targets for experimental queries. The four traces shown in Figure 6 define a set
of queries for testing searches over the entire range of difficulty within the small
database. Shown below are the target sequences (written 5’ to 3’) aligned with
their complementary probe sequences (written 3’ to 5').

Most common sentence/high probability words (1 copy in 130 sentences)
Target 1: ATAC AACT AAAC TATC AATC CTAA

Probe 1: TATG TTGA TTTG ATAG TTAG GATT

Moderate sentence probability/constant word probability (1 copy in 8,304)
Target 2: CAAT TTAC ATCA CTTT ACAA TTTC

Probe 2: GTTA AATG TAGT GAAA TGTT AAAG

Moderate sentence probability/variable word probabilities (1 copy in 8,304)
Target 3: ATAC CATA TCTA TATC TTCA TACT

Probe 3: TATG GTAT AGAT ATAG AAGT ATGA

Least common sentence/low probability words (1 copy in 531,441 sentences)
Target 4: TTCA CATA CATT ACAT TTCA AAAC

Probe 4: AAGT GTAT GTAA TGTA AAGT TTTG

We first constructed this small initial library for the first phase. This first
phase resulted in initial libraries of size 46 where the most rare strand had prob-
ability (1/9)¢ = 1/531, 441 effectively modeling libraries of size up to 531, 441.

2.4 Experiments in DNA Search and Readout in the Small Library

In initial experiments, fluorescently labeled query strands were used as probe
to anneal to and mark microbeads carrying target database strands. Then, flu-
orescent and non-fluorescent beads were separated by Fluorescence Activated
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ATAC_ AACT __ AAAC_ TATC AATC  CTAA
CAAT™ ™ TCTT ™ ATCA™ " CRAA ™ KCAA™ " TACT
ACTA TTAC TCTA  CTTT  CTAT  TITC

TICA  CATA CATT  ACAT TICA  AAAC

ATAC  AACT AAAC TATC  AATC  CTAA
CAAT, TCTT  ATCA CAAA  ACAA  TACT

TICA  CATA CATT  ACAT TICA  AAAC

ATAC,  AACT  AAAC TATC, AATC  CTAA
CAAT\| TCTT  ATCA ’|'CAAA| ACAA  TACT.
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ATAC  AACT AAAC TATC  AATC  CTAA
CAAT TCTT  ATCA CAAA ACAA  TACT
ACTA  TTAC  TCTA  CTTT  CTAT  TTTC

TICA.....CATA, . CATT.  ACAT  TICA. . AAAC

Fig. 6. Target Sequences shown as Traces through Word Sets. The six blocks of four
words are shown four times with lines tracing the patterns of synthesis for selected
database sequences. Words are listed with the most common subsequence (2X concen-
tration) at the top, followed by the two moderate (1X) concentration words, and finally
the least common word (1/2X) at the bottom of each list. The top trace gives the most
common sentence, composed entirely of most common words. The second trace shows a
sentence of moderate probability in the database, comprised of moderate concentration
words. The third trace gives a sentence of moderate probability, composed of common,
rare, and moderate words. The final trace shows the rarest sentence, made up of the
least common words.

Cell Sorting (FACS). FACS or flow cytometry was developed for the study and
purification of specific cell types from complex mixtures of cells. FACS has also
been used for sorting diverse libraries of biomolecules immobilized on micro-
scale plastic beads [3]. In FACS, a thin stream of individual particles are passed
though one or more laser beams, causing light to scatter and fluorescent dyes
to emit light. The light signals are converted to electrical impulses, and data
about the observed particles are used to direct particle-containing droplets into
appropriate down stream receptacles. The electrostatically charged droplets are
deflected into a desired vessel by charged plates. Scattered light indicates a cell
or bead is present, and fluorescence signal indicates that a bead has been labeled
with a probe strand and thus matches the database query. Besides separation
of beads FACS also provides a count of the number of beads sorted into each
group.

Search experiments with FACS output (Figure 7) provided data in good
agreement with expected results. In control runs, bead counts were within a few
percentage points of the designed values. As shown in Figure 7, the location of the
F peak shifts down field in the experimental versus the control samples. This shift
indicates decreased fluorescence intensity for fluorescein attached to annealed
probe compared to the same dye directly attached to bead-bound strand. The
expected result for a clean separation is an F' “island” fairly well removed from
the N peak, as seen in the controls. Further experiments will clarify whether the
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observed results are due to a difference in fluorescence yield of the dye or due to
varying levels of non-specific probe binding. The former explanation currently
appears most plausible because increases in annealing and washing stringency
decrease the entire F' peak and do not preferentially affect the down field portion
of the peak. Overall, the current results indicate the viability of the query and

output methods.
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Fig. 7. FACS Data from Query of the Small Library. Data from three experiments
is shown in two formats; panels labeled ‘a’ show histograms of bead count (y-axis)
versus fluorescent intensity (z-axis); panels labeled 'b’ show fluorescent intensity mea-
sures from two separate photomultiplier channels with each dot representing a single
bead observation. Groupings of non-fluorescent (NF') and fluorescent (F') beads are
indicated. Panels 1la and b show results from a control experiment containing a 50:50
mixture of fluorescently labeled and unlabeled beads. This sample contained 20, 000
beads. Control mixtures were prepared using beads carrying a small test oligonucleotide
(NF') and the same small oligo with a molecule of fluorescein covalently attached to the
5" end (F). Panels 2a and b show the results of a similar control in which the labeled
beads were present at only 1 in 10,000 beads. A sample containing 150, 00 beads was
sorted. Panels 3 a and b show data from a search experiment in which a fluorescently
label DNA probe was hybridized with the bead bound library. The sample contained
47,000 beads. The probe sequence was expected to bind specifically to approximately
1 in 130 database beads (Probe 1, described in the previous section). Depending upon
where the boundary between the groupings was drawn, the F' (labeled) peak contained
between 0.6% and 1.0% of the total beads, in reasonable agreement with the expected

value.
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2.5 Increasing the Number of Database Strands

The next stage of the project is to increase database size. Note that this database
size generated by combinatorial, mix-and-split methods on plastic microbeads
is limited by a number of factors, including the total number of beads, which is
up to 20,000,000, 000 for 5 um beads, but is approximately 1,000, 000,000 for
the 25 um beads used here. The maximum library size generated by combina-
torial, mix-and-split methods on 25 um plastic microbeads can thus be at most
approximately 100, 000, 000. We increased database size by two methods: (i) The
number of possible words chosen for each block was increased from 4 to 12 and
the length of each word was increased from 4 bases to 5 bases. There is Ham-
ming distance of at least 3 between each pair of distinct words within a block.
Seven stages of the combinatorial, mix-and-split synthesis on plastic microbeads
then resulted in a library L of size 127 = 35,831, 808, where each strand has 35
bases in addition to the fixed flanking sequences at each end. (ii) The size of the
library is then squared by combining pairs of the synthesized library strands. A
library was designed with 7 blocks each of 12 possible words using procedures
similar to those described above for the smaller library. Each DNA strand of the
library is single stranded, and encodes a number which provides the index to
the database element. To encode the base 12 digit in the ith position, we used a
distinct 12 element set S; of DNA subsequences, each of 5 bases in length. The
encoding of each k place base 10 digit integer is thus done using a sequence of k
consecutive 5 base DNA sequences. In addition each DNA strand of the library
has certain flanking subsequences that are used in the synthesis of the library (a
5" Bam HI site — CATCGGATCC and a 3’ Byl II site — AGATCTCACACCCTCCAC).
Designed word sets are:

Block Block Block Block Block Block Block
1 2 3 4 5 6 7
AAACC AATCC AACCA AACCT AATCC ACACA AACCA
ACCAA ACACT ACATC ACCTA ACAAC ACCAT ACACT
ACTCT ATCAC ACCAT ACTAC ACCTT ATCTC ACTTC
ATCTC CAAAC ATTCC ATACC ATCCA CACAA ATCAC
CATAC CCATA CACTT CAAAC CAACT CATTC CATAC
CCTTA CCTAT CATAC CCATT CCATA CCATT CCAAA
CTACA CTCTT CCAAA CTCAA CTCAT CTAAC CTCTA
CTCAT CTTCA CTACT CTTCT CTTTC CTTCA CTTCT
TACCA TACCT TAACC TATCC TACTC TAACC TACTC
TCAAC TCCAA TCCTA TCACA TCCAA TCCTA TCCAT
TCCTT TCTTC TCTCT TCCAT TCTCT TCTAC TCTCA
TTTCC TTACC TTCAC TTCTC TTACC TTCCT TTACC

The second phase of construction of the very large library is shown in Figure
8. At the time of this writing the first phase had been successfully completed,
while the second phase had yet to be attempted.
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Fig. 8. Procedure for Squaring the Diversity of the Library. The database encoding
region of the DNA is shown as a black rectangle, and the resin bead as a black circle.
First, a complementary primer is annealed to the bead bound database strand and
extended with DNA polymerase to generate the double-stranded library. Next, the
library is divided and one half is digested with Bam HI while the other half is digested
with Bgl II. Note that any pair of restriction enzymes which generates compatible
sticky-ends could be used. Note also that dephosphorylation of the Bgl II cut fraction
will prevent tail-to-tail ligation in the subsequent step. Following annealing and ligation
of the Bam HI and Bgl I digested fractions, the double length library is obtained. The
resulting sentences consist of 14 words, each of 5 bases, plus the remaining invariant
sequences. The new library will have half as many total elements as the starting library,
but its diversity will be the square of the starting library’s diversity. Even with 10-fold
coverage in the starting library there is a high probability that all potential sequences
will be represented in the final library.

2.6 Experiments in DNA Search and Readout in the Very Large
Libraries

Our libraries grew so large that the exclusive use of FACS readout was no longer
sufficient to isolate a desired database entry. However, FACS readout can be
employed as a first step, isolating sets of DNA strands with a common suffix.
Given a search query, we will first separate out (either using magnetic bead
separation or a cell sorter) all sequences matching the last 7 blocks of a sentence.
This will greatly decrease the amount of DNA to be searched. A simple design
for our hybridization experiments will be to use PCR with primers consisting of
two sequences, each consisting of 7 blocks. These can be sequenced to provide
output.
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3 Computer Simulations

We also made computer simulations of our method for DNA-based associative
search. We began with the selection of (digital) multispectral images to form
a trial image database, and then preprocessed the image data to construct an
“attribute database” which was then converted into a DNA database. Using
known parameters for the kinetics of DNA hybridization, we simulated the use
of PCR to perform an associative search. The result was used to reconstruct the
original image using extensions of techniques described in [2]. These simulations
can be viewed on the internet at the following sites.
DNA Database Search Simulation
http://cgi.cs.duke.edu/"clk/dnasrch/dna_search.cgi
DNA Database Selection
http://cgi.cs.duke.edu/"clk/dnasrch/open_dna_db.cgi
DNA Image Database Construction Page:
http://cgi.cs.duke.edu/"clk/dnasrch/MakeDNADB.html
More information about searching:
http://cgi.cs.duke.edu/"clk/dnasrch/help/search_info.html#select

4 Conclusion and Future Applications

This study explored the use of DNA databases for storage of information and
retrieval of that information by associative search techniques. Important proce-
dures in subsequence and sequence design were demonstrated as well as successful
application of those designs to combinatorial library synthesis by mix-and-split
methods. Query output by bead separation using a fluorescence activated cell
sorter was achieved. Test databases of increasing diversity were synthesized,
and construction of an extremely large database is now partially complete. Fu-
ture work includes finishing construction of the large library, further optimiza-
tion of hybridization conditions for associative searches, sequencing a number of
database elements as quality control of the synthesis, evaluating the benefits (in-
creased fidelity?) of increasing the word length from 4 to 5 bases, and examining
the limits of detection by searching for very rare database elements.

Bead-bound DNA databases similar to those described here would be useful
for applications in which spatial clustering of identical sequences imparts some
benefit, for example searches within libraries so huge that a presorting or enrich-
ment procedure would be required as an initial filtering step. It should also be
noted that the DNA databases described here can easily be cleaved from the solid
support and utilized in soluble form for applications in which solubility would
be beneficial. We are currently adapting our database system for construction
of large cDNA libraries with synthetic DNA tags on both ends of each element
for more complex associative search procedures.
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Abstract. During the self-assembly and operation of DNA-based nano-
mechanical devices like the previously reported molecular tweezers or
actuators, unwanted dimerization can occur. Here we show that in the
case of the DNA nanoactuator dimerization predominantly occurs at the
assembly stage. Correctly formed molecular devices can be purified and
subsequently operated without interference by dimers.

1 Introduction

Owing to its unique molecular recognition properties, DNA is an attractive self-
assembly molecule for the construction of nanoscale objects [123/4]. Moreover,
it has recently been shown that DNA-based nanomechanical devices can be used
to induce motion on a nanometer scale. This can either be achieved by buffer-
mediated conformational changes (the B-Z transition [5]) or by base-pairing
interactions between DNA strands. With the latter approach, the construction
and operation of several simple nanomachines has been demonstrated so far:
Molecular “tweezers” [6l[7], “actuator” []] and “scissors” [9]. All machines have a
tendency to form dimers or multimers during their assembly from single strands
or during their operation. This might reduce or even destroy the functionality
of these devices, especially when scaling to higher concentrations. In the case of
the molecular tweezers, dimers are formed during the operation of the machine.
At concentrations of &~ 1uM, some 80% of the tweezers are operating properly,
whereas 20% are linked together in multimers [7]. In contrast, for the DNA
actuator dimer formation seems to occur predominantly at the assembly stage.
For this device, the amount of dimer formation is only about 10% [8]. Possible
further multimerization of nanoactuators during their operation seems to be
inhibited. Here we show that these properties can be exploited to purify actuator
devices after their assembly and to operate the purified nanomachines without
interference by dimers.

2 Operation Principle

The DNA nanoactuator is assembled from two single strands of DNA, a 40 base
long strand A and an 84 base long strand B (sequences are given in the appendix).
These strands hybridize together to form a ring-like structure consisting of two
double-stranded (ds) 18 base-pair (bp) long arms connected by a four base long
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-

FF ABFF
(c)

Fig.1. Operation cycle of the DNA actuator: (a) After self-assembly from
strands A and B the actuator is in its relaxed state. (b) Hybridization with
the fuel strand F leads to the formation of the straightened complex ABF. The
fuel strand has a short overhang section (depicted in gray) which remains un-
hybridized at this stage of the operation cycle. (c) The removal strand F — the
complement of F — can attach to the unhybridized section of F and remove
F from the complex ABF by branch migration. After completion of the strand
displacement, the waste product FF detaches and the original relaxed state of
the actuator (a) is restored.

single-stranded (ss) hinge and a 44 base long single-stranded section connecting
the other ends of the arms (Fig[dl (a)). The double-stranded regions are much
shorter than the persistence length of dsDNA (& 100 bp) [10], whereas the
single-stranded sections are comparable to or longer than the persistence length
of ssDNA (a few bases [T0J11])). Therefore, the dsDNA sections of the machine can
be regarded as mechanically stiff elements connected by rather flexible ssDNA
sections. Motion is induced by the introduction of a DNA “fuel strand” F: The
first 40 of the 48 bases of strand F are complementary to the central 40 base
long section of the single-stranded loop of the nanoactuator. Upon hybridization
of these strands, the straightened DNA complex ABF is formed (Fig. d (b)).
The original state AB of the actuator can be restored by the introduction of a
removal strand F which is completely complementary to F. F first attaches to the
eight unhybridized bases at the end of F and then competes with AB for binding
to F in a three-strand branch migration process (Fig.[ (c)) [T2IT3]. Since F has
the advantage of being firmly attached to the overhang section of F, it finally
wins this competition and completely wrests F from AB. A waste product FF
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is formed and the actuator returns to its relaxed state. The DNA actuator is
a thermodynamic engine in the sense that it can be cyclicly driven through its
different mechanical states, thereby consuming chemical energy and producing
a waste product. The path from AB to ABF is thermodynamically different
from the path from ABF to AB which means that the machine is capable of
performing work.

This controllable conformational change can be utilised to push two molec-
ular components attached to the ends of the actuator’s arms apart from each
other. In our first experiments [67)8], these components were fluorescent dyes
forming a fluorescence resonance energy transfer (FRET) pair (TET (tetrachlo-
rofluorescein) and TAMRA (N,N,N’ N’-tetramethyl-6-carboxyrhodamine), sym-
bolized by a triangle and a circle in the Fig.[l). FRET [14/[15] is a nonradiative
energy transfer process occuring between fluorescent dyes with overlapping emis-
sion and absorption bands. An excited FRET “donor” can transfer its excitation
energy to the FRET “acceptor” without emission of a photon. Therefore, the
fluorescence of the donor is effectively quenched in the presence of the accep-
tor. This process is only effective at distances of a few nanometers and has a
steep distance dependence. With the help of FRET, the motion of the DNA
actuator can be monitored: in the relaxed state the two dyes have a mean dis-
tance of 5 — 6 nm. At this distance the donor fluorescence is partially quenched
by the acceptor. When the actuator is straightened by the fuel strand the dis-
tance between the dyes increases to 13.6 nm and pushes the dye pair out of the
FRET regime: the donor fluorescence increases to its “free” value. Removal of
the fuel strand restores the relaxed state, accompanied by a drop of the donor
fluorescence to its starting value (cf. [8]).

3 Dimer Formation

Not all of the strands A and B properly assemble into nanoactuators. They can
also form the whole range of multimers A,,B,, with (n > 1). Figures[2 (a) and (b)
show the simplest possible dimer AsBs and trimer A3Bs which can be formed
during the assembly of the nanoactuators. When strands A and B are not mixed
in stoichiometry, “odd” multimers like AB2, AsB etc. are also observed.

To identify dimer bands in gel electrophoresis experiments, in addition to
A and B we designed strands «, 12 and (21, which can only form dimer and
higher multimer complexes A, (812)n(B21)nn. o is a 40 base long strand like A,
but with a different sequence. 512 and (21 are similar to strand B, but form one
dsDNA arm with A and the other arm with a. Therefore under stoichiometric
conditions only dimers and multimers are formed which are structurally identical
to the multimers Ay, B, with n > 1.

It is also conceivable that additional multimers are formed during the op-
eration cycle. Two such possibilities are depicted in Figure 2 (c,d). In the case
of Fig. 2 (c), two actuators AB would compete for binding to one fuel strand
F. This structure, however, is unstable and would decay into a straightened
actuator ABF and a relaxed structure AB by branch migration. Similarly, a
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(a) i (b)f:;j? (c) [ (d) } {

Fig. 2. Possible multimers formed from strands A and B: (a) A2Bs and (b) A3B3
can form during assembly of the actuator. (¢) and (d) contain fuel strands F and
can occur during actuator operation. The latter two multimers are unstable and
dissociate into monomers by branch migration.

Holliday-like complex formed by two AB and two fuel strands (Fig.[2 (d)) would
dissociate into two ABF complexes. Additional formation of dimers of the first
type (Fig. @ (a,b)) during operation can only occur if correctly assembled actu-
ators dissociate and reassociate as dimers. Due to the relative stability of the
18bp duplexes (the “arms” of the actuator) at room temperature this is highly
unlikely (see Section [).

From previous experiments [§] we deduced that at 1uM concentrations ap-
proximately 10% of all A strands are bound in multimers, whereas 90% assemble
properly into actuators. No indication of any additional dimer formation during
the operation of the molecular machine was found in these experiments. In the
next section we exploit this result to purify the properly formed actuators after
their assembly and operate the purified devices.

4 Experiments and Results

DNA strands A,a,B,B12,821, F and F were purchased from IDT DNA Inc..
Strands A and « were labeled with the FRET pair TET and TAMRA at their 5’
and 3’ ends, respectively. The lyophilized strands were redissolved in TE buffer
(Tris EDTA, pH 8.3) to a nominal concentration of 25 yM. The correct stoi-
chiometric ratios of all strands were obtained from fluorescence titrations of the
strands utilising FRET. TET was excited at 514.5 nm with light from an Ar-
gon ion laser. Fluorescence intensity was measured with a Si photodiode after
filtering with a 20 nm bandpass filter centered at 540 nm. Gel electrophoresis ex-
periments were performed to purify the nanoactuator and to check its operation.
All gels were non-denaturing polyacrylamide gradient gels (10-20%) purchased
from Zaxis Inc. The gel runs were performed at 20°C using TBE (Tris-borate,
EDTA, pH 8.5) as running and reservoir buffer. To purify the actuators, strands
A and B were mixed in stoichiometric amounts and incubated at room temper-
ature for 30 minutes to allow for near-completion of the self-assembly process.
Subsequently, the sample was loaded into a gel. After completion of the gel
run, the bands corresponding to correctly assembled actuators were cut out and
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eluted from the gel in a large volume (several ml) of TE/salt buffer (TE buffer
and 1M sodium chloride) for 48 h. The solution containing the eluted actuators
was concentrated twice using Millipore Microconcentrators Microcon YM-3 fol-
lowing the manufacturer’s protocol. The final concentration was determined in
absorbance measurements performed with a Hitachi GeneSpec III UV-vis spec-
trophotometer. To avoid problems with hypochromicity due to base stacking
(nanoactuators contain both single- and double-stranded sections), the concen-
tration was derived both from the DNA absorbance maximum at 260 nm and
from the TET absorbance maximum at 521 nm. Both values yielded the same
result.

abcdefghi]j

dimers —

straightened — — - -
relaxed — -— - S =

Fig. 3. Gel electrophoresis on a 10-20% polyacrylamide gradient gel. Mi-
gration direction is from top to bottom. The lanes contain: (a) strand
A, (b) strands A+B, (c) A+B+F (straightened), (d) A+B+F+F (re-
laxed), () A+B+F+F+F (straightened again), (f) purified actuator ABpure,
(g) ABpuretF, (h) ABpuet+F+F, (i) ABpuret+F+F+F, (j) dimers formed by
A+a+Bi2+P21.

The purified actuators were then compared with a “crude” mixture of actu-
ators and dimers in another gel electrophoresis run(Figure [3). The samples to
be loaded into the gel were prepared from microliter amounts of 25uM strand
solutions mixed in stoichiometry. All reactions were given at least 20 min to
proceed to near-completion. The amount of purified actuator was adjusted to
the concentration of A strands in the non-purified samples, i.e. all lanes contain
the same amount of dye and corresponding crude and purified lanes (i.e., b and
f, ¢ and g, etc.) contain the same total amounts of strands.
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To obtain Figure [, the gel was transilluminated with Argon laser light
(514.5 nm) and photographed through a 40 nm bandpass filter centered at
550 nm. The photo was subsequently improved with standard image process-
ing software. Lane (a) contains strand A alone, lane (j) only dimers formed with
the dimer strands A, o, 312 and 32;. Lanes (b)—(e) of Figure Bl contain the crude
actuator and lanes (f)—(i) are the corresponding lanes for the purified device. In
lane (b) the result of the assembly process can be seen: Most of the A and B
strands form the actuator monomer, but there is also a significant amount of
dimer. In contrast, the purified sample in lane (f) contains almost no dimers. In
lanes (c), (d) and (e) as well as in (g), (h) and (i) the actuator is straightened,
relaxed and straightened again as described in Section 2. The formation of the
higher molecular weight complex ABF leads to a shift of the band, when the ac-
tuator is straightened. Removal of the fuel strand restores the original state AB
and the band shifts back. Fuel strands can also attach to dimers and therefore
the dimer lanes in (c)—(e) shift in parallel with the actuator lanes.

- 1'0f Actuators |
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£ 04f \ :

> | .

§ 02} .
0.0 . M

Band p'ositioh (a.d.)

Fig. 4. Intensity profile of lanes b (black) and f (gray) in Fig. 2 from top to
bottom of the gel. The profiles are normalized to intensity of the band with the
strongest fluorescence.

In Figure M the intensity profile of lane (b) is compared to that of lane (f).
The amount of dimers in lane (f) is one order of magnitude smaller than in
lane (b), also the fluorescence background is significantly lower. From Figure Hl
one can deduce that in the crude sample, approximately 20% of strand A are
improperly assembled into dimers, whereas in the purified sample this fraction is
only 2.5%. These 2.5% are a contamination of unknown origin. In fact, in other
purification attempts we found no indication of dimers at all (see Fig. [f)). The
value for the crude actuator is higher than that reported previously [§]. However,
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in [8] this value was obtained in a different set of experiments at significantly
lower concentrations — higher concentrations favour multimerization.

20 — T T T T
1.8-
1.6-
1.4-
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time (s)

Fig. 5. Fluorescence signal during the operation of the purified DNA actuators.
The moments at which fuel or removal strands are added are indicated. The
fluorescence intensity is normalized to the fluorescence of the relaxed actuators
at the beginning of the measurement.

We also performed kinetics measurements with the purified DNA actuators.
In Fig. Bl the fluorescence signal of purified actuators at 1uM concentration is
monitored during one and one-half operation cycles (Fig. [l). Addition of fuel
strand F straightens the actuator and reduces FRET efficiency, thereby increas-
ing the fluorescence signal. Addition of the removal strand F restores the original
configuration and the fluorescence drops due to more efficient FRET. For the
straightening reaction the time for half-completion ¢, /5 is ~ 23 s, for the relax-
ing reaction ¢, /5 ~ 50s. These values are close to the values previously found for
the non-purified actuators at the same concentration [§]. This result indicates
that there is no significant speedup or otherwise enhanced performance of the
purified samples.

5 Discussion

Our experimental results confirm that dimer formation predominantly occurs
during the self-assembly of the DNA actuator and not during its operation. The
amount of dimer formation deduced from the experiments is consistent with
previous findings. Using standard molecular biology protocols, purification of
the correctly assembled devices is possible. Driving the purified nanomachines
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through their operation cycle reveals almost perfect behaviour. This also shows
that the actuators retain their structural integrity throughout the purification
process and over at least several days. Thermodynamically, the purified sample
is in a nonequilibrium state. In equilibrium one would expect a distribution over
all possible multimers [16/17]. However, to relax to equilibrium, the actuators
would have to dissociate first and reassociate partly as multimers. At room
temperature, this process is kinetically hindered: From kinetic data of DNA
duplex dissociation [18] one can estimate the half-life of an 18bp duplex (one of
the arms of an actuator) to be on the order of 10-100 years at 25°C.

Fig. 6. Annealing of purified actuators. Left: Photograph of the gel. Right: In-
tensity profiles. Lane (a) contains non-purified actuators taken from the actuator
mixture before purification. Lane (b) contains the purified actuators (notice: no
dimers at all). Lane (c¢) contains strands from the purified sample after annealing
to 100°C and cooling back to room temperature. DNA amounts and concentra-
tions (as deduced from the absorbance at 260 nm) are the same in all lanes.

To speed up this process, we annealed a sample of purified actuators by
heating it to 100°C and slowly cooling it back to room temperature. Indeed,
the resulting gel run for this sample shows a dimer distribution like that for the
non-purified actuators (Fig. 6.

6 Conclusion

We have presented a simple molecular machine — a nanoactuator — made
from and powered by DNA. During the self-assembly of the machine, apart
from correctly assembled actuators also dimers are formed. We show that the
correctly assembled devices can be purified and subsequently operated in pure
form. The ability of purifying molecular machines may become important in
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future applications in nanotechnology when issues like assembly yield or error
rates have to be adressed.
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Appendix

= 5 TGCCTTGTAAGAGCGACCATCAACCTGGAATGCTTCGGAT 3

= 5 GCGATGAAGTGTCCACCTATTTCCGTATGGAGCAGAATCC 3’

5" GGTCGCTCTTACAAGGCACTGGTAACAATCACGGTCTATGCG
GGAGTCCTACTGTCTGAACTAACCATCCGAAGCATTCCAGGT 3’

12 = 5 GGTCGCTCTTACAAGGCACTGGTAACAATCACGGTCTATGCG

GGAGTCCTACTGTCTGAACTAACCGGATTCTGCTCCATACGG 3’

W e =

Ba1 = 5" AGGTGGACACTTCATCGCCTGGTAACAATCACGGTCTATGCG

GGAGTCCTACTGTCTGAACTAACGATCCGAAGCATTCCAGGT 3’

F = 5 AGTTCAGACAGTAGGACTCCCGCA
TAGACCGTGATTGTTATGCTACGA 3’
F = 5 TCGTAGCATAACAATCACGGTCTA
TGCGGGAGTCCTACTGTCTGAACT 3
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DNA Scissors
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Abstract. Designed strands of DNA were used to construct a nanoma-
chine with the appearance of a pair of scissors. Further strands of DNA
were then employed to close and reopen the handles of the scissors with
resultant closing and reopening of the jaws with a change in angle of 10°.
It was further shown that it is possible to open the handles wider than
their equilibrium position, with resultant widening of the jaws.

1 Introduction

The famous “DNA double-helix” is formed when two anti-parallel strands twist
together. This hybridisation happens when the bases on opposite strands form
Watson-Crick base-pairs, i.e. A complements T and G complements C. If the
complementarity is perfect, the double-helix is sufficiently stable that sections of
up to 100 base pairs may be treated as straight, rigid rods (so long as certain se-
quences, such as A-tracts, are avoided) with regards to thermal fluctuations [1].
Watson-Crick complementarity [2] has been used to design single-strands such
that, when placed in solution together, complementary regions on the different
strands twist together to form a linked set of rigid double-helices, with the de-
signed structure. This is known as “self-assembly.” Structures such as 2-D arrays
[B], cubes [4] and even trefoil knots [5] and Borromean rings [6] have been formed
in this way. In addition to the self-assembly of static structures, DNA has also
been utilised to create devices that can undergo conformational changes [7]. Re-
cently, a DNA machine in the form of a pair of tweezers was reported [§]. The
arms of the tweezers can be closed and reopened by the addition of a closing
strand followed by its complement. The drop in free energy when two comple-
mentary strands of DNA hybridise is used to drive the closure of the tweezers.
Strand displacement by branch migration is then used to reopen the tweezers.
Here we report upon the next step in this technology, a scissors-like structure
in which a pair of jaws are closed and reopened via handles that are operated by
a closing strand and a removal strand. The handles are closed by the binding of
the closing strand, TY, to the handle-tails, and are reopened when the closing
strand is removed by its complement, RY. The closure and opening of the handles

* Current address: Department of Physics, University of Oxford, Clarendon Labora-
tory, Parks Road, Oxford, OX1 3PU, UK.
** To whom correspondence should be addressed.
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is coupled, through a junction, to the movement of a pair of jaws in the manner
of a pair of scissors or tongs. The significance of this is that, on a nanometre
length scale, it is possible to obtain precision movements of these machines at
a small distance (~ 13 nm) away from where the closing force is being applied.
This means that any two things that we may wish to attach to the ends of the
jaws, and whose separation we wish to control, will not get entangled in the
closing mechanism. This is a crucial step closer towards using DNA machines in
real applications.

2 DNA Scissors

2.1 Mechanism for Operation

Table 1 shows the sequences used for the X and D versions of the scissors (the
only difference between the two versions being the sequences used). Each of the
scissors is constructed through the hybridisation of complementary regions of the
four strands QY1, QY2, SY1, and SY2 with each other. As in Table 1, an (X) or
(D) in front of these strand names will be used when it is necessary to distinguish
to which of the two versions a strand belongs. The four double-stranded, rigid
arms forming the handles and jaws of one of the scissors are connected together
via “C3” spacers consisting of three CHy units, which are incorporated internally
in the QY1, QY2, SY1, and SY2 strands. This spacer was chosen because it has
enough single bonds to allow a 180° change in direction (important for the QY
strands), while being short enough to be “hinge-like” rather than ”spring-like”.

Figure 1 shows the mechanism used to open and close the scissors. In the
open configuration, there is nothing holding the two handles together. However,
when the closing strand, TY, is added, it picks up the loose tails on the handles,
hybridising with them, until finally the handles are pulled together. The scissors
are now in the closed configuration. To reopen the scissors, the complement,
RY, of the closing strand is added, which hybridises to the loose tail of TY and
then gradually peels TY off from the scissors by a process known as “branch
migration.” The mechanism for all this is identical to that for the tweezers [g].
However, what happens to the jaws is less than obvious. If the C3 spacers between
the “rods” are modelled as springs, the jaws should spring open when the handles
are closed, but if the spacers are modelled as hinge-like, then the jaws should
close, albeit to a lesser extent than the handles.

2.2 FRET Observation of Closure and Opening of Scissors

The jaws’ behaviour was investigated using a phenomenon called “Fluorescence
Resonance Energy Transfer” (FRET) between pairs of 5-TET and 3-TAMRA
dyes [8]. TAMRA absorbs light at the fluorescence emission wavelength of TET.
Therefore, if a TAMRA dye is in close proximity to a TET dye when TET
is being made to fluoresce by an incident laser beam, fluorescence quenching
occurs. The closer TAMRA is to TET, the less fluorescence is measured.
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Table 1. Oligonucleotide sequences, written 5’ to 3’. “X” in a sequence denotes
a C3 spacer. QY1 and QY2 have 5’-TET and 3-TAMRA dyes attached for some
experiments, in which case they are called QY1F and QY2F.

(X/D)QY1

TGCCTTGTAAGAGCGACCATXCAACCTGGAATGCTTCGGAT

(X/D)QY2

GCGATGAAGTGTCCACCTATXTTCCGTATGGAGCAGAATCC

(X)SY1
GGAGTCCTACTGTCTGAACTAACGXATCCGAAGCATTCCAGGTTGXATAGGTGGACACTTCATCGC
(X)SY2
GGATTCTGCTCCATACGGAAXATGGTCGCTCTTACAAGGCAXCTGGTAACAATCACGGTCTATGCG
X)TY

CGCATAGACCGTGATTGTTACCAGCGTTAGTTCAGACAGTAGGACTCCTGCTACGA

X)RY

TCGTAGCAGGAGTCCTACTGTCTGAACTAACGCTGGTAACAATCACGGTCTATGCG

(D)SY1
GCAGGCTTCTACATATCTGACGAGXATCCGAAGCATTCCAGGTTGXATAGGTGGACACTTCATCGC
(D)SY?2
GGATTCTGCTCCATACGGAAXATGGTCGCTCTTACAAGGCAXCAGCTAGTTTCACAGTGGCAAGTC
(D)TY

GTACTACGGACTTGCCACTGTGAAACTAGCTGCTCGTCAGATATGTAGAAGCCTGC

(D)RY

GCAGGCTTCTACATATCTGACGAGCAGCTAGTTTCACAGTGGCAAGTCCGTAGTAC

DTXY

TAGAGCCTCGCATAGACCGTGATTGTTACCAGCTCGTCAGATATGTAGAAGCCTGC

DTYX

CTGGACATGACTTGCCACTGTGAAACTAGCTGCGTTAGTTCAGACAGTAGGACTCC

In this experiment, these dyes were placed either on the handles, by using
TET- and TAMRA-labelled QY1 strands (i.e. QY1F), as in (X)B and (D)B
solutions, or on the jaws, using similarly labelled QY2 strands (i.e. QY2F),
as in (X)A and (D)A solutions. The (X)A and (X)B solutions were placed in
cuvettes, temperature-controlled at 20°C, with 514.5nm laser light incident upon
them. The fluorescence was then measured using a Si photodiode, which detected
the light reemitted at 90° to the incident laser beam. The fluorescence from
each of the solutions was plotted on the same axes against time. The closing
strand, (X)TY, and its complement, the opening strand, (X)RY, were added
one after the other at 30-minute intervals. These graphs, after correction for a
dilution factor, are shown in Figure 2. The dilution of the scissors results from
the fact that 5ul of fluid is added to the sample volume each time the (X)TY
and (X)RY strands are added. Since the dilution factor has been removed, the
remaining fluctuation in the fluorescence of each configuration is due to imprecise
stoichiometry, which could be improved simply by using an ever-increasing excess
of (X)TY and (X)RY strands. Similar results (not shown) were found for the
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Fig. 1. Scissors operation — The short grey lines represent flexible C3 spacers
(three CHz units) which have been included to break up the helices into separate
“rods” and importantly, to allow QY1 and QY2 to bend at acute angles. Hence,
the junctions are NOT Holliday junctions. The 3’ end of each strand has been
labelled with an arrowhead on the open configuration diagram.

D versions of the scissors (solutions DA and DB) with closing and reopening
strands, (D)TY and (D)RY.

Furthermore, it is possible, using the calibration data in reference [10], to
measure the distance between the TET and TAMRA dyes, and, hence, to deter-
mine the angles subtended by the jaws and by the handles. These were found,
respectively, to be 26.0° and 46.6° for open scissors and 15.4° and 15.3° for
closed scissors. These values are averaged over the two sequences, and errors are
dominated by pipetting errors, which are thought to be within 10%.

2.3 Gel Electrophoresis Data

A polyacrylamide electrophoresis gel was run to show that the closing and re-
opening of the scissors is reversible, as shown in Figure 3. Lanes 142, 34+4 and
546 show open and closed scissors that have gone through 0, 1 and 2 closing
and opening cycles, respectively. The bottom band, which appears in lanes 3-6
is the TY-RY waste product. This band is darker in lanes 5 and 6, because these
scissors have undergone an extra closing and reopening cycle. The closed band
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Fig. 2. Cycling scissors (fluorescence) — the high values on each data set cor-
respond to when the jaws (grey squares) or handles (black triangles) are open;
the low values when they are closed. The fluorescence drops to zero when TY or
RY is added, because the pipette blocks the laser beam.

in lanes 2, 4, 6 and 8 migrates more slowly than the open band (lanes 1, 3, 5,
and 7).

Lanes 7 and 8 are identical to lanes 1 and 2, except that the D sequences
have been used to make the scissors instead of the X sequences. All gel results
were independent of this choice. The existence of a single strong band for the
closed scissors (lanes 2 and 8) suggests that TY binds to both handle-tails of
the scissors. If it were sometimes to bind to one handle-tail, and sometimes to
the other, two non-identical species would form (the tail on the TY breaks the
symmetry — see Figure 1), which would migrate at different rates.

3 Control Experiments

3.1 Designed Dimer Cannot Form Closed Scissors

It was necessary to confirm that the band so-labelled in Figure 3 is indeed the
closed scissors structure and not the dimer structure that may form when two
separate open scissors structures are linked together by closing strands. For this
purpose, two open scissors structures with different sequences were designed (X
and D versions) with pseudoclosing strands (DTXY and DTYX) that link the X
and D versions together as shown in Figure 4, rather than closing the handles of
either the X or D scissors in the conventional way. This structure is designed to
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Fig. 3. 10-27% gradient polyacrylamide gel showing closure and reopening of
Scissors.

be the same as the dimer structure described above. It should be impossible for
a subset of the strands making up this dimer structure to instead form a closed
scissors structure. Therefore, by comparing the behaviour of the dimer standard
with a closed scissors solution, the two would hopefully be shown to be different,
hence demonstrating that the closed scissors are not dimers.

The dimer standard was run alongside a closed scissors solution in a gel to
show that the dimer bands migrated slower than the band thought to be the
closed scissors. It was seen that the most intense band of the dimer standard
matched the faint band above the closed scissors band, which was expected to
be the dimer structure.

However, the dimer standard solution unexpectedly managed to form a faint
band at the same level as the closed scissors, as shown in Figure 5. We were able
to establish that this band consists of a pair of open scissors with a pseudoclosing
strand attached. The supposedly free end of this strand loosely associated with
the other handle of the scissors, to which it was not complementary. This effect
was shown to disappear when the temperature was increased to 40°C. Details of
how this was established may be found in the appendix. To sum up, the closed
scissors solution forms a structure that is not formed by the dimer solution,
namely an open scissors structure that then has a closing strand firmly hybridised
to both handle-tails. This supports our assertion that the change in fluorescence
shown in Figure 2 is not a result of the formation and then break up of a dimer
structure and hence must be due to the moving together and apart of TET and
TAMRA dyes found on the same pair of scissors.
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Fig. 4. Dimer Structure.

3.2 There Is a Specific Closing Strand for Each Pair of Scissors

There should be a specific interaction between the closing strand, (X)TY, and
the X scissors, and also between (D)TY and the D scissors. To show this, the
fluorescence of a handle-labelled scissors solution, (D)B, was monitored when
strands of identical length to the correct closing strand, and with sequence com-
plementary to one handle-tail, but not to the other, were added. In general, it was
found that the fluorescence simply dropped by the dilution factor. This shows
that the strand with sequence complementary to both the handle-tails is needed
to close the scissors, and that some other strand, identical in all respects barring
sequence, will not pull the handles together, nor will it interact directly with the
dyes, to give the same drop in fluorescence. However, one undesigned interaction
did manifest itself as an unexpected drop in fluorescence. In particular, when
DTYX was added to X scissors, or DTXY was added to D scissors (which is the
equivalent interaction, structurewise), there was a drop in fluorescence similar
to that due to the correct closing of the scissors. The same effect was found in
both handle- and jaw-labelled scissors, to the same extent, in each case, as for
the normal closing of the scissors. This latter point is significant, as it rules out
the possibility of a direct interaction with the dyes, hence the handles must be
pulled closed by the pseudoclosing strand. However, because of base mismatches,
this undesigned interaction should be weaker than that of the designed interac-
tions. This was demonstrated by monitoring the fluorescence of a solution of this
structure as a function of temperature. As shown in Figure 6 (black triangles)
the fluorescence of the DB4+DTYX complex returned to the dilution factor value
at a temperature of 40°C, signalling the melting of the undesigned interaction of
the DTYX strand with the D scissors. It is not until 65°C that a further drop in
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Fig. 5. 4-20% gradient polyacrylamide gel showing an anomalous band in the
dimer standard lanes.

fluorescence occurs due to melting of the scissors. That the undesigned interac-
tion is weaker than the designed interactions is also supported by the fact that
the effect disappeared when the strand complementary to the other handle-tail
was added.

3.3 Number of Strands Necessary for Formation of Scissors

Polyacrylamide gels were run confirming that all four and five strands, respec-
tively, were necessary to form the open and closed scissors structures. All bands
in lanes that lacked a strand migrated much faster than the lanes with a complete
set of strands.

4 Jaws Can Also Be Prised Farther Apart

An interesting effect was found when unlabelled D scissors were added to jaw-
labelled X scissors along with the DTXY and DTYX pseudoclosing strands. The
fluorescence actually increased by about 3% (after removal of the dilution factor),
suggesting that the unlabelled D scissors were forcing apart the handles of the
X scissors, with a resultant widening of the jaws of the X scissors. Similarly,
when both X and D scissors have labelled jaws, there was an 8% increase in
fluorescence (after removal of the dilution factor), as one would expect from the
symmetry of the structure, as X forces open D and vice-versa.
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Fig.6. 6 Graph showing that the pseudo-closing strand DTYX only closes the
D scissors below 40°C. Above this temperature, the binding is well-behaved. At
65°C the fluorescence drops due to the dissociation of the pseudo-closing strand.
Note that in the present case the reporter dyes are located on the handles of
the scissors (labelled DB), whereas, in the case of Figure 7, the dyes are located
on the jaws (labelled DA). This accounts for the difference in the shape of the
corresponding curves between the two figures. No significance should be attached
to the relative fluorescence of different solutions, as the different solutions were
excited by different intensity laser beams.

5 Conclusions and Possible Application

We have shown that a scissors-like structure may be devised out of DNA, where
the jaws, which close and reopen as a result of the closure and reopening of the
handles, are displaced by a short distance ( 13nm) from those handles. It is this
separation of force application from resultant motion that could make the scissors
a more practical tool than the tweezers [8]. For example, this structure has the
potential to be used for experiments where the separation of two molecules,
which would be attached to the jaws, needs to be controlled and varied to high
precision. For instance, by attaching an enzyme to one jaw and its substrate to
the other jaw, one may be able to measure that enzyme’s affinity for its substrate.
This could be done by devising a set of alternative closing strands, which due to
a certain number of non-complementary nucleotides in the middle, would only
partially close the handles. Thus one could move the jaws closer together in
discrete steps by adding strands, followed by their respective removal strands,
which have fewer and fewer non-complementary nucleotides, until the handles
are fully closed.
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Fig. 7. Temperature Profile of Excised Anomalous Dimer Band.

6 Methods

PAGE-purified oligonucleotides with C3 spacers and dye-labelled HPLC-purified
oligonucleotides were supplied by Integrated DNA Technologies. Stock solutions
were prepared by resuspension of the lyophilised oligonucleotides to a concen-
tration of 25 yM in TE buffer (10mM Tris pH 8.0, ImM EDTA). Fluorescence
quenching was used as an indicator to titrate most strands in SPSC buffer (50mM
monobasic/dibasic sodium phosphate, pH 6.5, 1M NaCl). The exceptions were
DTY-DRY, DTY-DSY2, QY1-CQY1, and QY2-CQY2 (where CQY1 and CQY?2
are the complements of QY1 and QY 2, respectively, used purely to calculate sto-
ichiometry) for which a PAGE titration was carried out. Stoichiometric ratios
of strands were used in all cases, unless the strand has been specified to be in
excess. The 514.5nm line of an argon ion laser (chopped at 130Hz) was used to
excite TET fluorescence, which was then selected by an interference filter with
bandpass 10nm centred at 540nm and detected by a Si photodiode and phase-
sensitive detector. The error in relative concentrations is thought to be around
10%, mainly due to pipetting errors.

For fluorescence measurements, open scissors solutions were mixed from 3ul
QY2F and stoichiometric volumes of the other strands, made up to 50ul with
SPSC buffer. Closing and opening strand solutions were made up from stoichio-
metric volumes (or excesses, depending on the experiment) of stock solution,
made up to a convenient volume with SPSC buffer. After all additions, reac-
tants were mixed by rapid pipetting up and down, lasting less than 5s. All
measurements, except the temperature runs, were taken at 20°C.

Polyacrylamide Gel Electrophoresis (PAGE) was carried out with SIGMA
pre-cast mini-polyacrylamide gels. Neat stock solutions were used in the gels,
the volumes varying due to the limits imposed by the depth of the well (but
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always stoichiometric across lanes on any one gel). Each reaction mixture was
allowed at least 20 minutes to proceed to near-completion before being loaded
into the gel. The DNA bands in the gels were made visible as shadows cast
on a fluorescent substrate when illuminated with 254nm UV light. These were
photographed to provide Figures 3 and 5.

7 Appendix

A closed scissors solution was run in a gel alongside a dimer solution. There was a
faint, anomalous band in the dimer lane, level with the main closed scissors band,
suggesting that contrary to design, the dimer strands may be able to form closed
scissors. To investigate this, the anomalous band was cut out of the gel and its
DNA extracted. The fluorescence of the extracted DNA was then measured as a
function of temperature and was compared to that of the closed scissors solution,
as shown in Figure 7. The temperature dependence of the excised anomalous
band was found not to be the same as for the closed scissors, but rather to be
the same as for an open pair of D scissors with DTXY attached, as shown in
Figure 7. This supports the assertion that this anomalous band in the dimer
lane is not the same as the closed scissors. Hence, the gel shown in Figure 5
demonstrates that the labelled band is indeed the closed scissors structure and
not some form of unwanted dimer.
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Abstract. In this paper, we introduce a novel signal element by using
bacterial pheromones. In multicellular organism, every cell can commu-
nicate and exchange information with other cells. Bacteria also have such
mechanisms. Enterococcus faecalis, one of the gram-positive bacteria, has
a unique pheromone system. Male cells are stimulated by pheromones
from female cells, and they give their plasmid to female cells through
conjugation phenomenon. The variety of pheromones and their inducible
activities of plasmid transfer inspire us that Enterococcus faecalis can
serve as a pheromone-dependant DNA transporter. We show a design
to realize logically controllable Information Gates by using Enterococcus
faecalis and show an experimental plan. It is still on going project, but we
can show the feasibility that bacterial pheromone system would provide
alternative methodologies in molecular computing research.

1 Introduction

The recent studies of molecular computing show various methods to make com-
putational elements with bioorganic materials. Head made a computer-memory
with plasmid DNA [1]. This plasmid memory is accessed by restriction enzymes
and designed to prevent re-cutting off by enzymes. Ehrenfeucht introduced the
computing system using ciliates [2]. Ciliates can execute DNA recombination
that cannot be easily carried out in vitro. Bloom’s LMBMC' is computing sys-
tem based on liposome [3]. Liposome has potential to provide the space with
various traffics of computational information as well as living-cells. The comput-
ing method mediated by cell fusion is also attractive. Abelson proposed Cellular
Computing, which is aim for constructing a digital logic circuit with living-cells
by regulating concentrations of DNA-binding proteins [4]. DNA-binding pro-
teins are major controllers of gene transcriptions and therefore have potential to
manipulate the cellular signaling.

Cellular computational system is one of the alternative methodologies in
molecular computing. The cells, which are enveloped in membranes, can behave
as functional devices that can localize some computational information in them.
Cells are able to be stocked up on a large scale as well as proteins and DNA.
It implies that we can perform the massive parallel processing with these ma-
terials. In addition, cells have many control-regulated functions that we cannot

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 269-278] 2002.
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easily reproduce in vitro. It seems important to introduce organisms to molecular
computing.

In this paper, we investigate organisms as molecular devices and show a
practical design to construct an Information Gate by using F. faecalis pheromone
system. In Section 2, we learn pheromone system of E. faecalis. In Section 3, we
describe a scheme for the E. faecalis Information Gate. In Section 4, we show
a practical design of the Information Gate and a small experiment to confirm
the gate execution. In Section 5, we describe features of the Information Gate
and pointed out advantages and some confronting problems about E. faecalis
conjugation system.

2 Organic Materials in Molecular Computing

2.1 Information Carrier with Organic Materials

As well as many organic cells, even bacteria have communication system [5].
Quorum sensing is the most studied signaling network in bacterial cell-cell com-
munication system [6]. Weiss made a cell-to-cell signal carrier with E.coli by
transfection of LuxI/LuxR system derived from Vibrio fischeri [7]. This signal
carrier consists of two types of cells, pheromone producing and pheromone re-
ceiving cells. It can produce luminescence protein only when two types of cells
exist together. They predicted that bacteria and bacterial pheromones are useful
to be an information carrier.

2.2 Pheromone-induced Conjugation of Enterococcus faecalis

We investigate another type of pheromone system: FEnterococcus faecalis and
their pheromones that induce conjugative plasmid transfer [8, 9, 10]. Pheromones
are secreted by female E. faecalis. When pheromones are received by male F.
faecalis, they activate transcriptions of some genes on their corresponding plas-
mid that encode cell surface adhesion molecules. Expressions of the adhesion
molecules on the cell surface induce F. faecalis cell aggregation. Once cell ag-
gregation is performed, the plasmid is transferred from male to female. This
cell-to-cell DNA transfer phenomenon is called as conjugation (Figure 1).

By now, about 20 transferable plasmids are known, and five pheromones are
determined. It is confirmed that certain class of plasmid is responsive to only
corresponding class of pheromone. The relation between plasmid and pheromone
is basically uniqueness. Plasmid-obtained recipient stops producing correspond-
ing class of pheromone and becomes a new donor in turn. It is also known that
there are a few pheromone inhibitors secreted by male E. faecalis that specif-
ically inhibit pheromone functions in antagonistic manners. All of determined
pheromones and inhibitors consist of 7 or 8 residue amino peptides (Table 1).
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Fig. 1. Conjugative plasmid transfer of Enterococcus faecalis. Double ellipses
indicate FE. faecalis cells. Cells that do not have transfer-plasmids are considered
as female, as they secret factors called pheromone that get male cells to conjugate
and transport their plasmid to female cells.

Table 1. Structures of pheromones and inhibitors. Names start with initial ‘c’
are pheromones, ‘i’ are their inhibitors.

Pheromone

/ Inhibitor Peptide structure
cPD1 H-Phe-Leu-Val-Met-Phe-Leu-Ser-Gly-OH
iPD1 H-Ala-Leu-Ile-Leu-Thr-Leu-Val-Ser-oH
cAD1 H-Leu-Phe-Ser-Leu-Val-Leu-Ala-Gly-OH
iAD1 H-Leu-Phe-Val-Val-Thr-Leu-Val-Gly-OH
cCF10 H-Leu-Val-Thr-Leu-Val-Phe-Val-OH
iCF10 H-Ala-Ile-Thr-Leu-Ile-Phe-Ile-OH

cAM373 H-Ala-Ile-Phe-Ile-Leu-Ala-Ser-OH

1AM373 H-Ser-Ile-Phe-Thr-Leu-Val-Ala-OH
cOB1 H-Val-Ala-Val-Leu-Val-Leu-Gly-Ala-OH
iOB1 H-Ser-Leu-Thr-Leu-Ile-Leu-Ser-Ala-OH

3 Design of E. faecalis Information Gate

Viewing the pheromone system overall, we can regard pheromone and plasmid
as a kind of INPUT and OUTPUT. In this system, E. faecalis can change of
pheromone for plasmid. It inspires us to construct a simple information carrier
by using F. faecalis pheromones and plasmids. We illustrate a schematic design of
Information Gate in Figure 2. The Information Gate is regulated by two INPUT
signals (A and B), and discharges an OUTPUT signal (X). Each INPUT signal
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includes a bit of information (0 or 1). OUTPUT signal is given in the form of
plasmid genes.

The Gate system works out by the following steps.

— Entry of INPUT signals A and B into the Information Gate.
— Data processing by E. faecalis pheromone system.
— Discharging of OUTPUT signal X from the Information Gate.

(in)

Pheromone
pool

Information Gate

(out)

X

Fig. 2. Schematic representation of E. faecalis Information Gate. A, B: INPUT
signals (=0 or 1); C: another input (see Table 2); X: OUTPUT in the form of
gene expressions.

4 Realization Plan of E. faecalis Information Gate

To realize the Information Gate, we describe an experimental plan about E.
faecalis. Later, we present an instance of the experiment to confirm the practical
performance of the system.

4.1 Outlines of Experimental Procedure

1. Two types of cells (A) and (B) that can produce INPUT signals are prepared.
INPUT signals are virtually expressed by a combination of two pheromone
inhibitors (Table2). E. faecalis is thought to be always producing certain
class of pheromone until they obtain its corresponding class of plasmid. On
the other hand, certain class of inhibitor is not produced unless F. faecalis
has its corresponding class of plasmid. Because of that, we represent INPUT
signals with inhibitors instead of pheromones.
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Table 2. INPUT signals and their relating real molecules (a). Both INPUT A
and B are symbolized with combination of two inhibitors. Another extra INPUT
C includes all four types of pheromones. I1-Ij: inhibitor, C1-C4: pheromone.
Intermediate result of operation A+B+C (b).

(a)

Input Relating (b)

signal molecule B 0 1

A=0 18, I A 12, I4 11, 13

A=1 11, 12 0 12,13, 1] | 11, I3, Ij

B=0 12, 1 15, I4 =C1 =C2

B=1 11, 13 1 11, 12, I] | 11, 12, 13
C C1, C2, C3, C4 11, 12 =C3 =0}

2. Cells (A) and (B) are mixed in any combination ({A, B} ={0, 0}, {0, 1},

{1, 0}, or {1, 1}). In any case, three types of all four pheromone inhibitors
are sent to the Information Gate. Other cell type (C) always produces four
types of pheromones C1, C2, C3, and C4. In fact, mixing of three types of
cells (A), (B), and (C) intermediately results in sending three inhibitors and
four pheromones into the pheromone pool. That means only one pheromone
can avoid inhibitory effect from inhibitors and maintain inducible activity
of conjugation. Which pheromone type can avoid inhibition is dependent on
mixing pattern of inhibitors, and the type is unique among four combination
patterns.

. These mixtures in the pheromone pool are exposed to donor cells (Figure
3). Four classes of donors are preset in the pheromone pool. Each class of
donors has each one of four plasmids, p1, p2, p3, or p4. Each plasmid has any
functional gene z1, z2, z3, or z4. Donor is activated if its specific inhibitor
(11, 12, 13, or Ij) does not exist in the mixture. Thus, any one of four
donors is activated and only plasmids of activated donors are transmitted to
recipients through conjugation between donors and recipients.

. Recipients are separated from donors by addition of Streptmycin (Sm), an
antibiotic substance. Strains that we are going to use for recipients have
resistance gene against Streptmycin but strains for donors do not.

. Recipients are grown for hours and total cell numbers are recovered. Recip-
ients produce any proteins according to genes on their plasmids.

4.2 Experimental Confirmation of E. faecalis Information Gate

We are now investigating and starting examination of the Information Gate ex-
perimentally. We organized a small experiment in order to confirm that the Infor-
mation Gate will be feasibly executed. We are going to establish four transfer-
plasmids that contain antibiotic resistance genes as markers (pCF10 :: tetra-
cycline resistance, pAD1 :: erythromycin resistance, pPD1 :: chloramphenicol
resistance, pOB1 :: kanamycin resistance). We already prepare two plasmids.
The other plasmids are now under development in our laboratory.
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Fig. 3. Model of E. faecalis Information Gate. INPUT-cells A, B, and C secret
inhibitors and pheromones into the medium. These signaling molecules specifi-
cally activate one of four donors. OUTPUT-Plasmids are transferred to recipients
through conjugation between active donors and recipients.

We incubated donor cells under presence of pheromones and inhibitors :
Pheromones were added to the mixture of donors immediately after addition of
10-fold excess of inhibitors. After incubation at 37°C for 60 min, donors were
combined with recipients and incubated for 30min. We spread the cell mixture on
THB agar plates that contain antibiotic substance, tetracycline / streptmycin or
erythromycin / streptomycin to detect the number of plasmid-positive recipients.
Then, we counted the number of bacterial colonies on agar plates (Figure 4).

Under presence of pheromones (C1, C2) and absence of inhibitors, recipients
gained both plasmid class pl (Tc") and p2 (Em") (control). When we added in-
hibitors along with pheromones, plasmids of corresponding class were not trans-
ferred to recipients. Neither plasmid class was transferred under presence of both
inhibitors.

5 Discussions

E. faecalis Information Gate we show in this paper is able to describe each of
four possible states that are generated from the pair of INPUT data, and throw
back OUTPUT data in the form of gene expression.
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Fig. 4. Inhibition of plasmid transfer by pheromone inhibitors. Pheromones
and inhibitors were added to mixture of donor strains OGIRF (pl::Tc") and
OGI1RF (p2::Em"). 4x10°% Donors were combined with 100-fold excess of recipi-
ents (OG1SSp (Sm")). Cell mixture was diluted and spread to THB agar plates.
Total colony number was counted after selection with tetracycline / streptmycin
(black bar), erythromycin / streptmycin (white bar).

E. faecalis Information Gate is able to be piled up if we design plasmids
so as to produce certain classes of pheromone inhibitors. For example, we can
set 13 and 14 inhibitor genes in pl plasmid. After conjugation, the pl-obtained
recipients begin to produce these two pheromone inhibitors. The combination
of I3 and I4 indicates an OUTPUT signal ‘A=0’, which becomes new INPUT
signal of next operation. Thus, we can manipulate logical operations repetitively.

Moreover, we can set signals freely in every four plasmids. For example, if we
set OUTPUT signals {0, 0, 0, 1} in the four plasmid {p1, p2, p3, p4} respectively,
the Information Gate becomes an ‘AND’ operator. Thus, we can manage all types
of Boolean operation and freely accumulate them at will by designing those
four plasmids. Though, it has previously reported about molecular switches or
Boolean circuits [11-14], our method would be one of the alternatives.

It is known that there are many classes of conjugative plasmids isolated from
various E. faecalis strains. We might could design more extended system with
additional a few plasmids.

Donor strains of E. faecalis are highly sensitive to pheromones. The minimum
pheromone densities to induce conjugations are 0.03-0.2nM [15]. Tt is estimated
at the best that bindings of two or three pheromone molecules per a cell are
enough to induce E. faecalis conjugation. This result would suggest that density
of pheromones in the medium in natural condition is enough for FE. faecalis to
perform conjugation and this conjugation does not require high cell concentra-
tion to ensure high pheromone densities to be induced.

Pheromone-activated donors do not always transfer plasmids successfully.
Rather, most of conjugant is conceivable to fail to transfer plasmids, maybe
because transfer phenomenon involves highly probabilistic events. In our exper-
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iment, plasmid transfer rate was approximately 1-4%. Conceptually about 102
donors ensure the gate execution so that one plasmid at the lowest can be trans-
ferred. It is preferable to combine donors with large excess of recipients in order
to increase donor’s opportunity to mate with recipients and reduce donor’s mean-
ingless homogenous conjugation. Thus, about 10%-10° cells would be required.
0.1zl culture of bacteria contains approximately 10° bacterial cells in laboratory
condition.

The entire gate reaction would take many hours. We would have to wait
in every step — pheromone production, pheromone reception, donor activation,
conjugation, selection, amplification, and expression of acquired phenotypes. It
is not determined yet what is the best performance about how many hours we
should take to these reactions. However, apparently there is a limitation, perhaps
a few hours in total are the best. Therefore, it seems not very significant to make
efforts to speed up the gate. We are rather interested in utilizing the role of F.
faecalis as a nano-scale information carrier.

The early project of us will propose only transfecting the marker genes onto
plasmids, and therefore would enable no more than 1 bit Boolean circuit. How-
ever, the Information Gate has some expansivity, which can be written more ad-
ditional information beside the marker genes on plasmids. Each plasmid serves
as a set of memories. We can regard E. faecalis as a ‘capsule’ to store them and
the gate system would provide cell-to-cell memory transfer. We can derivate in-
formation from a capsule to another capsule, can switch information from one to
another, and in future, may continue next operations by initiating gene expres-
sions whose directive genes are also written beside of data on plasmids. Thus,
E. faecalis will become an information carrier and contribute to robotizations of
processes in molecular computation.

Technologies of realizing plasmid-memory succeeded in mounting a few bi-
nary digits by now [1]. If we could mount memories tentatively up to hundreds
of bits on a plasmid, we would able to apply the gate to more practical problems.

Unlike F plasmid of E. coli, conjugation system of E. faecalis is inducible
by pheromone, includes homogenous conjugation, and carries highly aggregates
[16]. Most of these plasmids do not transmit to other bacteria except for E.
faecalis because this conjugation system is specific in E. faecalis.

Compared to the standard FE. coli, E. faecalis has experimentally some dif-
ficulty. For example, it needs special vectors designed for F. faecalis. Because
ordinary vectors are one for E. coli, they are unable to replicate in E. faecalis.
When we perform gene transfection, it needs electroporation, which is more com-
plicating method than DNA-Ca phosphate co-precipitation. However that may
be, E. faecalis pheromone system seems to have many redeeming features than
that of other bacteria or even some of the organism in terms of both pheromone
and conjugation system.

Pheromone inhibitor is the key parameter that determines the workability of
the Information Gate. It is required that pheromone inhibitors work sufficiently
so that the Information Gate is feasibly executed without error. However, be-
cause pheromones and inhibitors competitively bind same pheromone receptors,
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it is impossible to inhibit pheromone activity completely unless the amount (or
activity) of inhibitors are far dominant compared to those of pheromones. The
secretion amount of pheromones and inhibitors are diverse among various F.
faecalis strains, and not all of them ensure that inhibitors wipe out the effect
of pheromones completely. For example, inhibitors secreted by OGIRF (pCF10)
are approximately equal amount of corresponding class of pheromones secreted
by OGIRF (none) [17]. In fact, in order to solve this problem, E. faecalis evo-
lutionally developed mechanism, called pheromone shutdown, that FE. faecalis
suppress pheromone production itself concurrently with inhibitor production.
After obtaining new conjugative plasmid, F. faecalis suppress the pheromone
activities in such double regulation systems. Because pheromone shutdown sys-
tem is concerned to multiple processes, consists of various molecules, and is not
clearly established their associations, it is difficult to manipulate them. Instead,
we need to devise another strategy to suppress pheromone activities. One of
the answers is to increase the amount of inhibitors by up-regulating gene tran-
scriptions in such ways that we would insert a forcible promoter on upstream of
inhibitor gene or merely extend the plasmid copy number. It is confirmed in our
experiment that the gate will feasibly be executed if the amount of inhibitors
are thoroughly high compared to that of pheromones.

As many authors suggested, molecular computing has various prospects and
is not necessary to be confined to NP-complete problems [18]. Possible directions
are wide-ranging. Molecular computational algorithms are also likely to adapt to
biology, medicine, nanotechnology and others as well as mathematical problems.
We will continue to investigate the prospect of the computing system with these
nano-scale bio organisms.
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Abstract. The process of gene assembly in ciliates is one of the most
complex examples of DNA processing known in any organism, and it is
fascinating from the computational point-of-view — it is a prime exam-
ple of DNA computing in vivo. In this paper we continue to investigate
the three molecular operations (Id, hi, and dlad) that were postulated
to carry out the gene assembly process in the intramolecular fashion. In
particular, we focus on the understanding of the IES/MDS patterns of
micronuclear genes, which is one of the important goals of research on
gene assembly in ciliates. We succeed in characterizing for each subset
8 of the three molecular operations those patterns that can be assem-
bled using operations in 8. These results enhance our understanding of
the structure of micronuclear genes (and of the nature of molecular op-
erations). They allow one to establish both similarity and complezity
measures for micronuclear genes.

1 Introduction

Ciliates are an ancient group of organisms, comprising at least 10, 000 genetically
different organisms. A unique feature of ciliates is their nuclear dualism: they
have a germline nucleus (micronucleus) used in cell mating, and a somatic nu-
cleus (macronucleus), providing RNA transcripts to operate the cell. The DNA
in the micronucleus is hundreds of thousands base pairs long, with genes occur-
ring individually or in groups, dispersed along the DNA molecule, and separated
by stretches of spacer DNA. The DNA molecules in the macronucleus are gene-
size, on average about 2000 base pairs long. The micronuclear gene consists of
gene segments, called MDSs, separated by multiple, noncoding segments called
IESs. During sexual reproduction a macronucleus develops from a micronucleus,
and during this process IESs are excised, and MDSs are ligated to form tran-
scriptionally competent genes. This gene assembly process is very interesting
from a computational point-of-view. One of the amazing features of this process

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 279-289] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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is that ciliates apparently know the linked list data structure and use it (for the
assembly of macronuclear genes) by a very elegant pattern matching process.

The computational beauty of gene assembly in ciliates has been brought to
the attention of the DNA computing community by L. Landweber and L. Kari
(see, e.g., [7] and [8]). The focus of their research is the computational power of
molecular operations used in gene assembly. This power is measured using the
yardsticks of computation theory — thus, e.g., it is shown in [§] that using two
operations postulated in [7] one can simulate Turing machines.

A different line of research on the computational nature of gene assembly
in ciliates has been initiated in [6] and [I2]. Here one investigates the assembly
process itself. A typical question is: “What are the assembly strategies for a given
micronuclear gene?” This research has led to a formal system for gene assembly
in ciliates (see [12]). The usefulness of this system has been demonstrated by
applying it to all known cases of gene assembly in ciliates, obtaining in this way
one uniform explanation of all these cases. Moreover, it has been proved in [3|
that every micronuclear gene (pattern) can be assembled using the molecular
operations postulated by this formal system — in this sense, this system can be
applied to all the micronuclear genes that will be found in the future. The major
difference between the set of two molecular operations considered by Kari and
Landweber, and the set of three molecular operations considered here, is that
the model based on the former is intermolecular, while the model based on the
latter is intramolecular. Also, from the point of view of rewriting systems, our
rewriting rules are always length decreasing, while the rules used by Landweber
and Kari are both length increasing and length decreasing.

These two lines of research complement each other, and together they form
a broad framework for the understanding of the “computational abilities” of
ciliates.

Formal systems for gene assembly, based on string rewriting and on graph
rewriting were further investigated in [LJ3J4)5], providing useful technical tools
for the investigation of the gene assembly process. We use some of these tools in
this paper to learn more about the patterns of micronuclear genes (and about the
nature of molecular operations). We believe that understanding the structure of
micronuclear genes is one of the important goals of research on gene assembly.
For each subset § of the set of the three molecular operations, we investigate the
micronuclear gene patterns that can be assembled using § — as a matter of fact
we succeed in obtaining full characterizations for each 8.

Due to lack of space, we omit here the proofs of our results, referring for
details to the full paper [2].

2 Gene Assembly in Ciliates

The structure of a gene in a micronuclear chromosome consists of MDSs (ma-
cronuclear destined sequences) separated by IESs (internally eliminated sequen-
ces). During sexual reproduction, the micronuclear genome is converted into
the macronuclear genome. In this process, the IESs become excised, and the
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MDSs are spliced in the orthodox order My, Ma, ... , M, suitable for transcrip-
tion (see, e.g., [9], [L0], and [1I]). Each MDS M; has the structure M; =
(Pi/Ps» 1i> Pi+1/Piy1), except for M; and M,, which are of the form M; =
(b/b, 11, p2/Ds), and My, = (px/P,., i, €/€). We refer to each double strand p; /p;
as a pointer, and to p; as the body of M; - we call p;/p,; the incoming pointer
of M;, and piy1/p;y, the outgoing pointer of M;. The markers b and e (and
their “complements” b and €) are not pointers — they are just symbolic markers
designating the locations where an incipient macronuclear DNA molecule will
be excised from the macronuclear genome.

Fig. 1. The ld-excision operation applied on the direct repeat pattern (p, p).

Throughout the paper, we will represent single DNA strands by strings, al-
ways written in the 5’-3" direction (from left to right). Then, combining single
strings into “double strings” written one above the other, we obtain the notation
for double stranded DNA molecules — the upper string denotes one of the two
strands written in the 5" — 3’ direction (from left to right). Also, for a DNA
molecule p (single or double stranded), p denotes its inversion. Note however
that when we write P as a single string, then it is also written in the 5 — 3’ di-
rection. Hence, e.g., for ACTGAT we write its inversion as ATCAGT); then the
ACTGAT
TGACTA

In the macronucleus, the MDSs My, M, ... , M, are spliced together by “glu-
ing” each M; with M;; on the pointer p;i1/P; ;.

s
i A

Fig. 2. The hi-excision/reinsertion operation applied on the inverted repeat pat-
tern (p, D).

double stranded molecule formed by these two strands is written as
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It is argued in [6] and [I2] that the gene assembly process in ciliates is accom-
plished through the following three molecular operations: ld-ezcision (or Id, for
short), hi-excision/reinsertion (or hi, for short), and dlad-excision/reinsertion
(or dlad, for short). We refer to [6] and [12] for the description of these opera-
tions, while giving here Figures[I], Pl and[3illustrating the domain and the effect

of each of them.
x ’ilp =
w _§

Fig. 3. The dlad-excision/reinsertion operation applied on the alternating direct
repeat (p,q,p, q)-

3 Formalizing the Gene Assembly in Ciliates

Three levels of abstraction were considered in [4], [6] and [12] in order to formalize
the MDS/IES structure of genes: MDS descriptors, legal strings and legal graphs
(in this order of increasing abstraction). Then three types of formal systems were
investigated: MDS descriptor reduction systems (operating on MDS descriptors),
string pointer reduction systems (operating on legal strings), and graph pointer
reduction systems (operating on legal graphs). These formal systems were used
to investigate the gene assembly process on various levels of abstraction. Surpris-
ingly enough, it has turned out that, as far as assembly strategies are concerned,
all three systems are equivalent and translatable into each other ([I]). For the
purpose of this paper, it suffices to recall only the modeling of the gene assembly
process through string pointer reduction system.

3.1 Preliminaries on Strings

For strings u, v, we say that v is a substring of u if u = wyvws, for some strings
w1, we. Also, v is a cyclic substring of u if v is a substring of u, or v = vyv2 and
u = vowwvy for some strings vy, v, w. We say that v is a scattered substring of u
if there are strings vy,...,vpn, %1,...,Unt1, 7 > 1, such that v = vy ... v, and
U = UIVIULVS .« . . UpUpUnt1. A proper substring (cyclic, scattered substring) of
u is a substring (cyclic, scattered substring, resp.) v of u such that v / 2% and
v / @ (where \ denotes the empty string).

A legal string is a nonempty string w € IT* such that for each p € II, if p
occurs in u, then u contains exactly two occurrences from the pointer set {p,p}.
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If u contains one occurrence of p and one of p, then p (and p) is said to be positive
in u, otherwise p (and p) is negative in u. We say that u contains a pointer set
{p,p} if u has an occurrence of either p, or p. A legal string with no proper legal
substrings is called elementary.

For a string v = x12s ... x,, with x; € IT for all 1 < ¢ < n, the inverse of u
is the string @ = T, ... Z271. For a pointer p € IT such that {z;,z;} C {p,p}, for
some positive integers i < j < n, the p-interval of u is the substring x;x;11 ... x;.
Two distinct pointers p,q € II overlap in w if the p-interval of u overlaps with
the g-interval of u (recall that for io > 41, the substrings x;, ... x;, and z;, ... z;,
of w overlap if i1 < i2 < j1 < jo, Or @2 < i1 < j2 < j1). We denote by O(p)
(O*(p), O~ (p), resp.) the set of (positive, negative, resp.) pointers overlapping
with the pointer p in u. For technical reasons, we always include p in O(p). If p
is a positive pointer, then p € O (p), and if p is negative, then p € O~ (p).

Let u be a legal string and p, g two pointers in u. Then p is connected to q in u,
if there are pointers rq,...7,, n > 2, such that ry = p, r, = ¢, and 7,11 € O(r;),
for all 4.

3.2 Micronuclear Patterns

The process of gene assembly begins with the micronuclear precursor and it
leads to a composite MDS containing all MDSs spliced in the orthodox order
MM, ... M,. For the purpose of computational analysis of the gene assembly
process, one can represent a macronuclear gene (as well as its micronuclear and
the intermediate predecessors) by the sequences of its MDSs only.

For a specific gene, the number & of its micronuclear MDSs is fixed (the gene
is of size k). We assume that « is fixed for the sequel of this paper.

We use the alphabet © = {MM,MM | 1 <i<j <k} to denote the MDSs
and their inverses. The letters M;; may also be written as M; and they denote
the micronuclear MDSs, also called elementary MDSs. The letters M; ; denote
the composite MDSs formed during the assembly process by splicing the MDSs
M, Miy1, ..., M;. We say that an MDS sequence M;, j, ... M; ., n < K, is
orthodozx if i1 = 1, 4 = 1+ j;_1, for all 2 <[ < n, and j, = k. As an example,
My 3My5Me o is an orthodox sequence of size 9.

We simplify our notations by using positive integers 2,3,... and 2,3,..., to
denote pointers. Hence, the MDSs are represented as M; = (i, ju;,i + 1), M; =
(i 4 1,7;,1). We get in this way the alphabets A = {2,3,...} and A = {2,3,...}
and then IT = AU A denotes the set of pointers. We use the “bar operator” to
move from A to A and the other way around. Hence, for z € IT, Z is the partner
of z, where Z = 2. For any z € II, we call {z,Z} the pointer set of z (and of %).

A sequence over O is a micronuclear pattern if it is a permutation of an ortho-
dox sequence, possibly with some of its elements inverted. In its macronuclear
form, an assembled gene has no pointers. On the other hand, its micronuclear
precursor has pointers that flank IESs. Thus, the gene assembly process can be
seen as a succession of pointer set removals by molecular operations, and so, it
can be analyzed by tracing the sequences of pointers present in the intermediate
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molecules. Consequently, we can simplify the formal framework by denoting each
MDS by the ordered pair of its pointers or markers, i.e., if M = (p, u, q), then
M is represented as (p, q), and its inversion M = (g, 7, P), as (g, D). Moreover,
the model can be further simplified by removing the parenthesis from the de-
scriptors and deleting the markers. We obtain in this way legal strings, as the
formalism for describing the sequences of pointers present in the micronuclear
and the intermediate molecules.

Hence, for a micronuclear pattern ¢, by writing the sequence of pointers
and deleting the markers, we obtain the legal string u corresponding to §. We
denote this mapping by 7: m(0) = u. Formally, w(M;) = i(i + 1), for 2 < i < &,
n(My) = 2, 7(M,) = K, m7(M;) = ©(M;), for 1 < i < k. We say that the legal
string w is realistic if there is a micronuclear pattern ¢ such that u = 7(9).

3.3 The String Pointer Reduction System

The string pointer reduction system over IT (SPRS for short) consists of three
sets of reduction rules operating on legal strings, corresponding to the micronu-
clear operations of ld, hi, and dlad (in [1] and [4] these string reduction rules
were denoted by snr, spr, and sdr, resp.).

For p,q € II, with p / &

1. the ld-rule for p is defined by 1d,(u1ppuz) = ujuz,

. the hi-rule for p is defined by hiy(u;puzpus) = ujuzus, and

3. the dlad rule for p, ¢ is defined by dladp q(u1puzquspusqus) =
Ujugusuzus.

Let LD be the set of 1d-operations, LD = {ld, | p € II}, HJ the set
of hi-operations, HJ = {hi, | p € I}, DLAD the set of dlad-operations,
DLAD = {dladp ¢ | p,a € II,p / 4}

Let 8 C {LD,HI, DLAD} be a subset of string reduction rules. For a legal
string u and a sequence of reduction rules p1,...,p; from 8, D = (u; p1,...,p1)
is a reduction of u by p1,...,pr in S, if p; is applicable to u, and p; is applicable
t0 pi—1...p1(u), forall 1 < i <I. We say that D is successfulin 8 if p; ... p1(u) =
A — we also say then that u is successful in 8. Note that in the above p; / 5,
whenever i / = The notion of a successful assembled micronuclear pattern is
defined similarly for the set of molecular operations Id, hi, and dlad.

The following is an informal version of a result from [I] and [4].

[\

Theorem 1.

(1) Let T be a micronuclear gene. Each sequence ¢ of molecular operations that
leads to a successful assembly of T into its macronuclear form is uniquely
translatable into the sequence of operations from SPRS which together with
the legal string representing T forms a successful reduction in SPRS.

(2) Let m be a legal string representing a micronuclear gene 7. Each sequence p
of operations from SPRS such that (m, p) is a successful reduction in SPRS
is uniquely translatable into the sequence ¢ of molecular operations that leads
to a successful assembly of T into its macronuclear form.
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4 Successful Patterns for Realistic Strings

A central question for understanding the role of the set {ld, hi, dlad} of molecu-
lar operations in the process of assembly is: what kind of micronuclear patterns
can be successfully assembled by various subsets of this set? In this section, we
provide a complete answer to this question. The main “translating vehicle” for
the investigation of this question is Theorem [I: for each subset of operations,
we characterize the realistic strings successful in SPRS using the corresponding
subset of reduction rules — then the characterization results are translated into
micronuclear patterns using Theorem [l

4.1 Preliminaries

We first consider the set of legal strings having legal substrings, reducing the
problem in this case to two smaller instances of the same problem.

Lemma 1. Let u = avf be a legal string such that v is also a legal string. Then
u s successful if and only if v and afB are successful strings.

A set P = {a1,... ,amm} (m > 1) of strings over IT is legal if any string
Qi ...y, is legal, where i1,... i, is a permutation of 1,...,m. Let ap be
such a string. A pointer p is said to occur in P if it occurs in ap. Moreover, p is
negative (positive, resp.) in P, if it is negative (positive, resp.) in ap.

If uw is a string of length 2, u = pq, then p is left in u and ¢ is right in w.

A legal set P = {aq,...,am} is a disjoint cycle if the following conditions
are satisfied for some pointers p1, ..., pm:

(i) ;| =2, for all 1 < i < m;
(ii) a1 = p1p2, and for each 2 < i < m, a; contains one occurrence from {p;, p; }
and one occurrence of p;;1; moreover p,11 € {p1,D; };
(iii) for each 2 < i < m, if p; is negative in P, then p; occurs in both «;_; and
«;; moreover, p; is left in «; if and only if p; is right in a;_1;
(iv) for each 2 < i < m, if p; is positive in P, then P, occurs in «; and p; occurs
in o;_1; moreover, p; is left in «a; if and only if p; is left in a;_1.

Clearly, if all pointers of P are negative (in P), then P is a disjoint cycle if
and only if P = {p1p2, p2ps, .- ., PmpP1}, for some p1,pa, ..., pm € II, m > 1.

Let P = {a1,a2,...,an} be a disjoint cycle and u a legal string. We say
that u contains the disjoint cycle P if all strings of P are nonoverlapping cyclic
substrings of w. If u does not contain P, we say that u avoids P.

4.2 1d-successful Patterns

Theorem 2. A realistic string u corresponding to a micronuclear pattern of size
k has a successful reduction in LD if and only if u € L UL, where

L={2233...ke}U{p(p+1)(p+1)...k622...(p— 1)(p—1)p| 2 <p <k}
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Theorem [2 shows that the micronuclear patterns successful in LD corre-
spond to the cyclic shifts of the orthodox sequences. Thus, the RI gene of the
O.nova ([11]), described by the pattern My MaMsMyMsMs, can be successfully
assembled using LD only, while M7 M3Ms, cannot be assembled in this way.

4.3 {1d, hi}-successful Patterns
Lemma 2. Let u be an elementary legal string.

(1) If lu| < 2, then u is successful in LD U HI;
(ii) If |u| > 2, then u is successful in LD U HI if and only if u contains at least
one positive pointer.

The following result follows then by Lemma [I] and Lemma [2.

Theorem 3. A realistic word u has a successful reduction in LD U HI if and
only if for all legal substrings v of u, if v = viurva ... vju;v;41, where each u;
s a legal substring, then vivy ... vj41 either contains a positive pointer, or it is
reducible in LD.

Thus, the pattern M;MyMs has a successful reduction in LD U 3J, but no
successful reductions in either LD, or HJ. On the other hand, the pattern M3
My My My M s Mg Mg Mg Ms, described by the realistic string 34278456 56798923,
has no successful reduction in LD U HJ.

4.4 {ld,dlad}-successful Patterns

Theorem 4. A realistic string u has a successful reduction in LD U DLAD if
and only if all the pointers in u are negative.

Thus, the a-TP gene of O.nova ([11]), described by the pattern My MsMs M~
M9M11M2M4M6M8M10M12M13M14 has a successful reduction in L'DU'DL.A'D,
but it cannot be assembled in either LD, or DLAD. On the other hand, the
pattern M, My Mz cannot by assembled using LD U DLAD only.

As a consequence of Theorems Bl and [ we obtain the universality of the set
{1d, hi, dlad} of operations, a result already known from [3].

Corollary 1 ({1d, hi, dlad}-successful patterns). Any realistic string has a
successful reduction in LD UHI U DLAD. Moreover, any elementary realistic
string can be successfully assembled using only two operations: either 1d and hi,

or 1d and dlad.

The last claim of Corollary[dl is not true for all micronuclear genes. E.g., the
actin I gene of O.trifallaz ([I1]), described by the pattern MsMyMgMsM7; My
MioMoMqMs, cannot be assembled either in LD U HJ (because of the legal
substring 567567), or in LD UDLAD (because of the positive pointers). Never-
theless, it can be successfully assembled in LD UHIUDLAD. The same holds for
the actin I gene of O.nova, given by the pattern MsMyMeMsMyMoM oM, Ms.



Patterns of Micronuclear Genes in Ciliates 287
4.5 dlad-successful Patterns

Theorem 5. A realistic string u has a successful reduction in DLAD if and
only if u consists of negative pointers only and it avoids disjoint cycles.

According to Theorem [, the pattern My M M3 has a successful reduction in
DLAD, while the pattern M7 M; Mz has no such reduction in DLAD.

4.6 hi-successful Patterns

The characterization result for this case can be proved in the same manner as
Lemma [2 and Theorem Bl

Lemma 3. An elementary legal string has a successful reduction in HI if and
only if it contains at least one positive pointer and avoids disjoint cycles.

Theorem 6. A realistic word u has a successful reduction in HI if and only if
for all legal substrings v of u, if v = viu1vs ... v;u;Vj41, where each u; is a legal
substring, then vivs...vj41 contains at least one positive pointer and avoids
disjoint cycles.

Thus, th«ﬂ)attern Mﬂ@ﬁgMg has a successful reduction in HJ, while the
patterns My MoMs and M, MM, Ms have no such reductions in HJ.

4.7 {hi, dlad}-successful Patterns
Using Theorems (] and B, we can prove the following result.

Theorem 7. A realistic string u has a successful reduction in HIU DLAD if
and only if u avoids disjoint cycles.

Theorem [ has the following corollary.

Corollary 2. An elementary realistic string u has a successful reduction in HIU
DLAD if and only if either u has a successful reduction in HI, or u has a
successful reduction in DLAD.

The pattern y = M1M2M4M3, described by the elementary realistic string
u = 232434 is successfully reducible in HJ U DLAD: dlads 4(hiz(u)) = A. By
Corollary[2 it also has a successful reduction, either in HJ, or in DLAD. Indeed,
hi(hia (his (1)) = A
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5 Discussion

In this paper we have investigated the IES/MDS patterns of micronuclear genes
in ciliates. For each subset 8 of the set {ld,hi,dlad} of molecular operations,
we gave a characterization of all the patterns that can be assembled into a
macronuclear gene using 8. We believe that these results provide a valuable
insight into the micronuclear gene patterns, and into the nature of molecular
operations that we consider. One can use our results to determine a similarity
and to classify the complexity of micronuclear genes. For example, two seemingly
different micronuclear genes may be considered similar, if, e.g., both of them
can be assembled using only hi operation. Also, the genes that need all three
operations in any assembly strategy may be considered more complex than the
genes needing only one or two of them. In this sense, (see Section [Z4)) the
micronuclear actin I gene of O.nova is more complex than the micronuclear -
TP gene of O.nova. Also, one can order our three operations according to their
complexity (e.g., Id < hi < dlad) and use this ordering to get a comparative
classification of the complexity of all micronuclear genes.

It has been demonstrated in [12] that all known cases of gene assembly in
ciliates can be accomplished using only the so-called simple versions of Id, hi, and
dlad. Therefore the logical next step is to characterize the micronuclear patterns
that can be assembled by the simple versions of our operations.
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Abstract. This paper considers a computational model using the pep-
tide-antibody interactions. These interactions which are carried out in
parallel can be used to solve NP-complete problems. In this paper we
show how to use peptide experiments to solve the Hamiltonian Path
Problem (HPP) and a particular version of Set Cover problem called
Exact Cover by 3-Sets problem. We also prove that this of model of
computation is computationally complete.

1 Introduction

Recently the computing world has turned its attention on natural computing of
which one model is the biological computing. Biological way of computing was
experimently done in a biological laboratory by L. Adleman [1]. [1] gives the
practical way of finding a Hamiltonian path for a given instance of graph. Some
of the other papers which followed [I] are [8J7]. A complete survey can be found
in [TATTIT3].

In a similar way to DNA hybridization, antibodies which specifically recog-
nize peptide sequences can be used for calculation [2]. [2] introduces the concept
of peptide computing via peptide-antibody interaction and solves the well known
NP Complete problem namely the satisfiability problem.

Peptide is a sequence of amino acids attached by covalent bonds called pep-
tide bonds. A peptide consists of recognition sites called epitopes for the anti-
bodies. A peptide can contain more than one epitope for the same or different
antibodies. For each antibody which attach to a specific epitope there is a binding
power associated with it called as affinity. If more than one antibody participate
in recognition of its sites which overlaps in the given peptide, then the antibody
with more affinity gets the higher priority.

In the model proposed in [2] the peptides represent the sample space of a
given problem and antibodies are used to select certain subsets of this sample
space, which will eventually give the solution set for the given problem. Similar
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to DNA-computing, parallel interactions between the peptide sequences and the
antibodies should make it possible to solve NP-complete problems.

The advantages of computing using the peptides in comparison with DNA-
computing are that at each position 20 different building blocks instead of 4
are possible. In contrast to a DNA strand which has only one possible reverse
complement of the same length, in peptide-antibody interaction

1. different antibodies can recognize different regions or structures of the same
epitopes, and

2. the binding affinity of different antibodies recognizing the same epitope can
be different.

These two factors add additional flexibility for doing computation with peptides
[BI6).

The main disadvantage in DNA computing is that under slight differences in
the melting temperature of oligonucletides of similar sequence and a relative high
error rate, only the perfect complementary oligonucleotide can be used to bind
to its target. These above facts restrict the use of DNA-computing significantly
[314).

Without additional enzymes the hybridization of DNA molecules gives only
a yes or no solution. This can be used to solve all problems in NP [10/7]. In
contrast to this, the epitopes of peptides are recognizable by more than one
antibody and with a different affinity. This facilitates encoding of logical gates
and to do calculation efficiently.

It should also be noted that the set of peptides and antibodies satisfy the
following properties:

1. Under easily achievable conditions (Temperature, pH value, salt concentra-
tion) each antibody binds reliably to its peptide (epitope).

2. Under easily achievable conditions (Temperature, pH value, salt concentra-
tion) each antibody reliably dissociates from its peptide. This can be achieved
by using a second antibody with a higher affinity for the same epitope that
competitively removes the first antibody or by using an excess of the free
epitope itself. Antibodies can be generally dissociated by changing the pH
value. If necessary, all antibodies bound to the epitopes become covalently
attached to their epitopes.

3. Under neither of the conditions above does any antibody bind to another
peptide (epitope).

The specificity of epitope recognition by antibody need not be absolute. Some-
times the antibody may recognize a different site which is very similar to its own
binding site. This issue is called as cross-reactivity. This paper does not address
the issue of cross-reactivity between antibodies and peptides.

In this paper we give algorithms using peptide-antibody interactions to solve
two of the well known NP-complete problems namely the Hamiltonian path
problem and a variant of the set cover problem called the exact cover by 3-sets
problem. In both the problems we form the peptides in such a way that the
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set of peptides represent the sample space of the problems. The antibodies are
formed according to the problem input and used in such a way that it selects the
correct peptide i.e. the solution for the problem. We also show that this model of
computation is computationally complete by simulating a Turing Machine with
the peptide and antibody interaction.

2 Notations and Definitions

For a finite sequence M = my,mso,...,m,, we define a doubly duplicated
sequence of M, MM as

MM = My, M1, M2, M2, ..., Mnp, M.
We define a doubly duplicated permutation of a set S, a(SS) as,
0(SS) = {mm | m is a permutation of the set S}.

A Turing Machine is denoted by TM. For details about TM, the reader
is referred to [12]. We also denote the peptide-antibody interactions simply as
peptide systems.

3 Solving Hamilton Path Problem

Let G = (V,E) be a directed graph. Let V. = {vy,va,---,v,} be the vertex
set of the graph and E = {e;; | v; is adjacent to v;} be the edge set. Without
loss of generality we take v; as the source vertex and v,, as the end vertex. Our
problem is to test whether there exists a Hamiltonian path between v; and v,.

For each v; € V, choose an epitope. We denote the set of all chosen epitopes
as EP = {ep; |1 < j < n}. The antibodies and peptides with epitopes from
the set EP are formed as follows:

1. Each peptide has an epitope corresponding to the source vertex (ep1) at the
top and an epitope corresponding to the end vertex (ep,,) at the bottom.

2. In between the above two epitopes all doubly duplicated permutations of
other epitopes corresponding to the vertices excluding the source and end
vertices are formed.

3. Form antibodies A;;, 1 < ¢,j < n which binds to the site ep;ep;, provided
v; is adjacent to v; in G.

4. Form antibodies B;;, 1 < 4,j < n which binds to the site ep;ep;, provided
v; is not adjacent to v; in G.

5. Form labeled antibody C, which binds to the sites epio({ep; | 2 < j <

n — 1})ep,, where o(M) is the set of all doubly duplicated permutations

over the set M.

The affinity of the antibodies B;; are greater than C.

7. The affinity of the antibody C is greater than A;;.

&
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The algorithm is as follows:

. Add labeled antibody C.

. If fluorescence is detected then there exists a Hamilton path in the graph
G, otherwise there exists no such path. If the peptides are bound to an
addressed chip the solution can be immediately read.

1. Take all the peptides formed as said in the above way in an aqueous solution.
2. Add antibodies A;;, 1 <4,j <n.

3. Add antibodies B;j, 1 <4,j <n.

4

5

We illustrate the above algorithm for solving the Hamilton path problem by
means of the following example where the graph G is as in Fig. [l

6

Fig. 1. The graph G

The peptide reactions are shown in Figure[2Z. The smoothly curved antibodies
denote the antibodies B;; and the sharply curved antibodies the Agjs.
We can easily see that this model requires

1. number of peptides = (n —2)!,
2. length of peptides = O(n),
3. number of antibodies = O(n?).

The number of biological steps needed to solve this problem is constant. First
step detects all the possible edges in the graph in parallel. Second step detects
all the invalid edges and the third step finds the correct solution, if it exists.
Fourth step is for detecting whether there exists a solution and if it exists to
read the solution.

4 Solving Exact Cover by 3-Sets Problem

The exact cover by 3-sets problem is a particular version of the set cover prob-
lem [9].
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Fig. 2. The state of the peptides after the last step in the algorithm

Instance: A finite set X with | X | = 3¢ and a collection C' of 3-element subsets
of X.

Question: Does C' contain an exact cover for X, that is, is there a sub collection
C’ C C such that every element of X occurs in exactly one member of C”.

We solve this NP-complete problem using the peptide systems.
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Let X = {x;} ;. The peptide formation is as follows:

1. For each z; we choose a specific epitope ep; in the peptide.

2. For every possible permutation of the set {ep;} there is a peptide in which
every three sequence of ep;’s say, ep;ep;epy, are followed by a specific epitope
EPijk-

For example if X = {1, 2,...,zo} one particular peptide with the epitopes
is shown in Fig.

ep1 ep 7 ep9 epl 79 ep 2 ep6 ep4 ep2 64 ep3 epS epS ep3 58

Fig. 3. Sample Peptide

3. Form antibodies A, which binds to the site ep;ep,epy provided {z;, z;, zx} €
C.

4. Form antibodies B;;; which binds to the site ep;ep;epy provided {z;, z;, zx } /
C.

5. Form colored antibody C whose binding sites are the whole of peptides
constructed in the above way.

6. The affinity of the antibodies B;;;’s is greater than that of C

7. The affinity of the antibody C is greater than that of A;;;’s

The algorithm is as follows:

. Take all the formed peptides in an aqueous solution.

. Add all the A antibodies.

. Add all the B antibodies.

. Add the C antibody.

. If fluorescence is detected then there exists an exact cover with all the three
elements sets in the cover being disjoint. If the peptides are bound to an
addressed chip the solution can be immediately read.

This model requires

T W N~

(a) number of peptides = nl,
(b) length of peptides = O(n),
(c) number of antibodies = O(n?).

The number of biological steps needed to solve this problem is constant. First
step recognizes all the valid sets belonging to the given collection. Second step
recognizes all the invalid sets and the third step finds the correct solution, if it
exists. Fourth step is for detecting whether there exists a solution and if it exists
to read the solution.
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5 Universality Result

Theorem 1. A Turing Machine can be simulated by a peptide system.

Proof. Let M = (Q, X, 9, so, F') be a Turing Machine. Let Q@ = {q1,42,-..,¢m}
and ¥ = {a1,as,...,a;}, where @) denotes the finite set of states and X' the
tape alphabet and } the blank symbol. Without loss of generality we assume
that the Turing Machine halts when it reaches a final state. Let s(n) denote the
space complexity of the Turing Machine M and assume that it is apriori known.

In order to simulate the moves of the Turing Machine M we form the peptides
and the antibodies as follows:

1. Set of epitopes E = Eg U Ex where

Eg = {ep? |1 <i < s(n)}

and
By = {ep;’ |1 <i<s(n)}
2. Set of antibodies A = Ag U Ax where
Ag = {A]|1<i<s(n),qeQ}

and
Ay, = {A? 11 <i<s(n),a e XU{W}}

We assume that the antibodies A}’ where ¢; € F are labeled.

The configuration of the TM M is encoded in the peptide through antibodies
which binds to their specific epitopes.

Suppose the initial configuration of TM is

qoiy Qjy « « « Qg ﬁﬁ y

then the initial configuration of the peptide will be (see Fig. @land Fig. Bl Fig. @
shows the formation of epitopes in the peptide and Fig. Bl shows the initial state
of the peptide)

APAT AT 1oL VAP 1AL ). 1AL,

where | ] denotes the free epitope that is, it has no antibody attached to it.

[ T N s S . . . ... . I N I S B .
Q Q Q Q Q Q
ep; €p; ep; ep, €p; €Psm)2 €Psm)2 €Psiny-1 €Psmy-1 €Psm) €Psn)

Fig. 4. Peptide with state and symbol epitopes
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AP AP N

c(n) 2 ﬁ(n) 1 S(II)

epl ep; P ep‘

eps(n) 2 eps(n) 2 eps(n) 1 eps(n) 1 eps(n) eps(n)

Fig. 5. Initial configuration of the peptide

The state transition is as follows:
Right move Suppose M moves from

to

...... Qi1 @5, q Qigyy oo - -
using the transition 6(¢,a;,) = (¢',a;, , R). Then correspondingly the following
steps (see Fig. [0 and [7)) are carried out

a q a a
'St 'k Tkl
Ak-l Ak Ak Ak+1
...... . 2 . Q - e e e e e
epk-l epk epk epk+1 epk+l

Fig. 6. Peptide before applying the rule

a a q a
'S Tk K+l
A Ay Ak At
...... . 5 . ) - c e e e e
Py P Py P Pry

Fig. 7. Peptide after applying the rule

1. add excess of free epltopes epy and epk

2. add the antibodies Ak * and Ak+1 to the peptide.

Where the peptide is with the configuration corresponding to the left side of the
above transition (before applying d(q,a:,) = (¢, a;, , R)).

Applying the rule d(q, a;,) = (¢', a;, , R) the Turing Machine moves right with
the state ¢’ rewriting the symbol a;, by a;, . To encode this move in peptide,
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1. the antibody corresponding to the state ¢ has to be removed and the appro-
priate state corresponding to ¢’ has to be bound in the correct place in the
peptide.

2. the antibody Azi’“ has to be removed and the antibody encoding the new

symbol a;k ie., AZ" has to be bound in the appropriate place in the peptide.
These two steps are carried out by,

1. adding of excess free epitopes epkz and eka which removes the antibodies
Ay and Af.

2. The second step adds the antibodies Azi’“ and AZ,_H which encodes the
change of the state of the Turing Machine correctly.

Left move Left move is very similar to the right move. Suppose M moves from

to
/ . / .
...... q Qi Ay Qg g e

using the transition §(q,a;,) = (¢',ai,, L). Then correspondingly the following
steps are carried out

1. add excess of free epitopes epkz and eka.

2. add the antibodies Azi’“ and AZ;l to the peptide.

Where the peptide is with the configuration corresponding to the left side of the
above transition (before applying 6(q,a;,) = (¢, aj,, L)).

The end of computation can be recognized by checking for the antibodies
A?f where gy € F' in the peptide sequence. If fluorescence is detected then it
shows the existence of a labeled antibody i.e., the final state in the peptide. O

For each move in the Turing Machine M, two moves namely removal of
antibodies and adding of antibodies have to be done. So, if we assume that
M takes O(t(n)) then the peptide system also takes the same amount of time.
We can also take note that the length of the peptide needed for simulating a
TM is O(s(n)), number of peptides is exactly one and amount of antibodies is
O(m.s(n) + l.s(n)).

6 Conclusion

In this paper we use the natural interactions between the peptides and anti-
bodies for computing. We give two examples of solving NP-complete problems:
Hamiltonian path problem and a version of set cover problem using the peptide-
antibody interactions. In the penultimate section we show that this model of
computation is computationally complete. We also showed in the examples that
the number of biosteps needed is a constant.
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There are three things to look at the peptide systems from the complexity
point-of-view. One is the length of the peptide, second the number of different
peptides needed for the problem, and last the amount of antibodies needed.
These three measures probably will constitute the core issue from the complexity
point of view. Other measures could be the number of different epitopes, the
maximum number of antibodies attaching to a particular epitope, etc.
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Abstract. Programmed mutagenesis is a DNA computing system that
uses cycles of DNA annealing, ligation, and polymerization to implement
programatic rewriting of DNA sequences. We report that programmed
mutagenesis is theoretically universal by showing how Minsky’s 4-symbol
7-state Universal Turing Machine [11] can be implemented using a pro-
grammed mutagenesis system. Each step of the Universal Turing Ma-
chine is implemented by four cycles of programmed mutagenesis, and
progress is guaranteed by the use of alternate sense strands for each
rewriting cycle. The full version of the proof will appear in the special
issue of TOCS.

1 Introduction

Programmed mutagenesis is a DNA computation method that implements the
sequence specific rewriting of DNA molecules. Programmed mutagenesis is an in-
vitro mutagenesis technique based on oligonucleotide-directed mutagenesis [3].
Like oligonucleotide-directed mutagenesis, programmed mutagenesis does not
mutate existing DNA strands, but instead uses DNA polymerase and DNA lig-
ase to create copies of template molecules with engineered mutations. Every time
a programmed mutagenesis reaction is thermal cycled a rewriting event occurs.
Because the technique relies on sequence-specific rewriting, multiple rules can
be present in a reaction at once, with only certain rules being active in a given
rewriting cycle. Furthermore, the system’s ability to accommodate inactive rules
allows it to proceed without human intervention between cycles. We have previ-
ously demonstrated the experimental practicality of the key primitive operations
required for implementation of programmed mutagenesis systems [7].

Certain DNA computing systems are known to be restricted in the types of
computations they can perform. For example, the “generate-and-test” methods
proposed by Adleman [I] and Lipton [9] are useful for certain types of combinato-
rial problems, but these DNA computing methods can not be used to implement
general computation.

We show that programmed mutagenesis is capable of general computation
by showing how it can be used to implement a Universal Turing Machine. A
Turing machine is an abstract model of a programmed computer. A Universal
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Turing Machine is a machine that is capable of simulating any Turing machine,
given the description of that machine and the input to the machine[14]. We
provide a constructive reduction of a Universal Turing Machine to programmed
mutagenesis, and show how to encode the tape of a Turing machine into a DNA
molecule.

An example of a programmed mutagenesis system that implements a unary
counter is shown in Figure 1. The first mutation is introduced when oligonu-
cleotide M-1 binds to the initial template and creates the product of cycle 1.
This first mutation enables oligonucleotide M-2 to bind the product of cycle 1
in the next cycle. The sequence change caused by M-2 enables oligonucleotide
M-1 to bind to the product of cycle 2, and to create a new molecule, the product
of cycle 3. As shown in Figure 1, “outer” oligonucleotides are used to create
full-length products and the strand that polymerizes from the outer primer is
ligated to a mutagenic primer by ligase. All of the enzymes used in the system
are thermostable which allows the system to be thermal cycled.

X Z Z Z Z Z

| 1] [I11 [I11 M) [l (el mrrd (111
EcoRI Hind Il
X Y S
IN —1— «—]
M1 (21) MRP

{
!

XY XY -
M

Fig. 1. Schematic representation of the unary counter. M-1 and M-2 are muta-
genic rule oligonucleotides; MRP and MLP are perfectly matched outer oligonu-
cleotides. Note that a rule incorporated on a previous cycle becomes part of the
template for the following cycle.

In the remainder of this paper we scetch out the proof that programmed
mutagenesis is a universal model of computation (Section 2), and compare pro-
grammed mutagenesis with other DNA computing systems (Section 3).
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2 Programmed Mutagenesis Systems Are Universal

We begin this section with a formal definition of a Turing machine. We discuss
challenges in encoding a Turing machine in DNA in Section 2.2, give a proof
outline in Section 2.3.

2.1 Turing Machines and an Example of a Universal Turing
Machine

A Turing machine is a general model of computation first introduced by Alan
Turing in 1936 [I4]. The Turing machine model uses an infinite tape as its un-
limited memory and finite number of states and symbols to encode and compute
a problem. A Turing machine has a head which can move both left and right on
the tape, reading and rewriting only the symbol it is currently pointing to. The
behavior of a Turing machine is governed by its transition function, which, given
the current state and symbol being read, determines the new state the machine
will enter, the new symbol to be written on the tape, and the direction of motion
of the tape head (left or right).

A Turing machine begins computation with its head on the leftmost cell
of the input string, and proceeds by following the transition function. If it ever
enters a halting state, it halts. If the head ever reaches the last tape cell on either
side, and the transition function indicates moving off the tape, machine appends
a single tape cell with a blank symbol on it. An instantaneous description of a
Turing machine is its configuration— the current state of the finite control, the
current tape contents, and the current head location.

A Universal Turing machine is a single Turing machine U, with the property
that for each Turing machine T which computes a Turing-computable function
f, there is a string of symbols dr such that if the output of T on input z is f(z),
then the output of U on input z dr is also f(x). The smallest known Universal
Turing Machine was described by Marvin Minsky [L1], and it has 4 symbols and
7 states.

2.2 A Formal Model of Programmed Mutagenesis

An important observation about programmed mutagenesis is that the rules be-
come part of the template for the next cycle. Thus, the rules do not take the
familiar form of antecedent — consequent, but rather the rules in solution are
consequents, searching for their antecedents. In fact, this property is inherent in
the underlying biological technique of oligonucleotide-directed (or site-directed)
mutagenesis. It is, therefore, intuitive that in modeling Minsky’s Universal Ma-
chine, we need to explicitly place state onto the tape (and into the rules). The
decision of exactly how to do that is an essential part of this proof and is ex-
plained below.

As described above, programmed mutagenesis relies on a distance constraint
based on mismatches in rewrite rules to sequence the steps of a program. The
number of mismatches is not the only factor determining whether a given rule
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may bind to and rewrite a given sequence of DNA, but it is the most influential.
The distance constraint is reinforced by three biochemical factors. These three
factors are the destabilizing effect of mismatches on duplex stability, polymerase
effects, and ligase effects. Polymerase and ligase can not function if mismatches
are too close to their action sites. Other factors influencing oligonucleotide’s
ability to bind a given sequence of DNA, extend a given sequence, or serve
as a suitable template for a ligation reaction include mismatch geometry, type
of mismatch, enzymes and buffers used, and other biochemical parameters. It
is impractical to try to model all the parameters influencing the efficiency of
binding, extension, and ligation of DNA rewrite rules, in part because insufficient
information exists to construct a reliable model. Therefore, our formal model
below uses the number of mismatches as the sole determining factor for a primer
(rewrite rule) to bind a given DNA sequence, extend, and to be ligated into a
longer strand.

We will formally model programmed mutagenesis as a DNA-based string
rewrite system in which a single strand of DNA is rewritten in a sequence-specific
manner with the use of a set of DNA rewrite rules to produce a single strand of
DNA as output. Our formal model of programmed mutagenesis describes rewrite
rules that are either 41 or 28 bases long. Also part of the model are the following
four assumptions:

1. For a rule of length 41, the allowed mismatch distance is 4 mismatches.

2. For a rule of length 28, the allowed mismatch distance is 3 mismatches.

3. Any DNA sequence for which the distance in mismatches to its target on
the template is above the specified number of mismatches will not bind and
extend.

4. If only one rule can bind to a spot, that rule executes. If more than one rule
can bind to a spot, equal percentages of each rule execute (thus creating
parallel branches of computation). Thus, a copy operation occures only if
there are no rules that can affect a rewrite.

It is possible to formulate alternative formal models of programmed mutagen-
esis that use rules of different lengths and different distance constraints. We have
experimentaly found above length and distance constraints to be reasonable.

2.3 Proof Outline

We have designed an encoding in our model of programmed mutagenesis to
directly simulate Minsky’s Universal Turing Machine. There are three key ideas
in this construction.

1. We explicitly represent the location of the head on the tape, by extending
the alphabet to include a state-symbol pair for every possible state of the
machine and every symbol used. We further expand the alphabet, but this
is the essential decision.

2. We introduce scratch space (#) between each two tape symbols. This allows
us to have read and write parts of each rule. We use the scratch space to
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transmit information by first writing to it the information on the new state
and the direction of movement. We then use the freshly written information
as the anchor for the next step of the rule.

3. We execute each rule of the machine by four rewrite rules.

— read the current state and symbol and save the information about the
new state and the direction of the rule in the scratch space; begin the
transition to the new tape symbol.

— finish the transition to the new tape symbol.

— read the new state info (in the scratch space), begin transition to the
the new state/symol pair.

— finish transition to the the new state/symbol pair; return the scratch
space to its original state.

The rules are executed over four biological cycles. Only the first three bio-
logical cycles, however, include rewrite events, while the fourth simply copies
the template strand using the outside primer. Furthermore, the rules act on
alternative strands of DNA (3'-to-5’ for cycles 1 and 3 and 5’-to-3’ for cycle
2), and we use this property to drive the computation forward.

This proces allows us to have one-to-one rules, because each antecedent takes
a different path to the consequent. We extend the alphabet to allow for this.
To be precise, we have one-to-one rules for three out of four steps. Step 2
can be and is executed as many-to-one.

We use 101 oligonucleotides to implement the 27 rewrite rules that constitute
the transition function of Minsky’s machine. The instanteneous description of
the DNA encoding of Minsky’s machine at the beginning of each computational
step is the single instance of a state/symbol character on the tape, indicating
the precise head position and the state of the finite control, and all the other
symbols on the tape. We represent states and symbols by nucleotide sequences
and enact state transitions by primer extension reactions.

A simple way to detect when the computation is complete is to sense the
appearance of the sequence which in the next step leads to the halting state
on the tape with a molecular beacon. Molecular beacons are hairpin structures
with a flourophore and a quencher on the 5" and 3’ ends respectively in which
a perfect match for the loop portion of the molecule forces the hairpin to open,
thus separating the flourophore from the quencher and creating a fluorescent
signal [15].

3 Programmed Mutagenesis and Other DNA Computing
Systems

We call a computing system composable when a first computation results in
a single molecule that can be used directly by a second computation as input
without modification. Programmed mutagenesis systems are composable because
both the input and output from a computation can be represented as a single
strand of DNA. Programmed mutagenesis is the first composable system to be
proven universal.
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Our approach builds on other models proposed for DNA-based computing.
These can be subdivided into five categories.

— Generate-and-search approach was pioneered by Adleman [I] in 1994. In this
approach all possible candidate solution molecules are generated, and then
filters are applied to select only those molecules that contain solutions. This
was the first experimental demonstration of any computational system based
on DNA, but this approach is not universal.

— Splicing systems were pioneered by Tom Head [5] in 1987. When these sys-
tems have finite sets of axioms and rules which define splicing, they are
limited to generating regular languages [I2]. If both of these sets remain
finite, the only way to increase the computational power of the system is to
introduce certain control mechanisms. Splicing systems utilizing a number of
such control mechanisms have been shown to be universal. However, the con-
trol systems proposed require researcher’s intervention and are vulnerable to
experimental error. Furthermore, these mechanisms might prove difficult to
implement in a laboratory.

— Self-assembly of two-dimensional DNA structures was shown to be universal
by Winfree [16] in 1995. Winfree proposed to use ligation after self-assembly
to produce a single reporter strand of DNA. This reporter strand would be
used for reading the output of the self-assembly computation. A challenge in
the experimental implementation of this approach might be that larger com-
putations, which include more different varieties of tiles, will require longer
time intervals for each step of the assembly because self-assembly relies on
the correct tile assembly followed by the correct computational structure
assembly. Further, minimizing the error rate also requires longer time in-
tervals per assembly step. Recently, the first experimental demonstration of
computation by self-assembly [I0] has been produced. This is a significant
advancement in DNA computing because it demonstrates the first DNA-
only universal computational system which requires only ligase to create an
output molecule. Certain proposed implementations of self-assembly systems
can be composable, but the one experimentally implemented to date is not.

— Autonomous string systems based on hairpin formation were introduced by
Hagiya et al. [4]. In these systems each molecule works not only as data
carrier but also as a computing unit. Some interesting experimental sys-
tems based on this principle have been constructed [§], [I3]. However, these
systems are not, by themselves, universal. They are also not composable.

— Programmed mutagenesis is an example of a string-rewrite system for DNA
computing. Both Beaver [2|] and Kari et al [6] have also proposed to use
systems based on string-rewriting. While both of these models were proven
to be theoretically universal, both have drawbacks:

1. Beaver’s model proposes to use the substitution operation, that is rules of
the form xyz — xuz. This model, however, requires separations after each
substitution step to guard against the possibility of a rule performing a
mixture of substitution and deletion, such as rewriting the sequence xyyz
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on the template into the sequence xuz, or insertion, such as rewriting
the sequence xz on the template into the sequence xuz. Since separation
operations are required, this model is also vulnerable to experimental
error.

2. Kari et al [6] proposed to use insertion/deletion (“insdel”) systems to
implement universal computation. While the insdel systems represent a
theoretically interesting computational model, new techniques will be re-
quired to implement them in practice. With current techniques there are
two problems with the proposed rules for the insdel systems. First, there
is no way to control the length of the deleted sequences in the insdel sys-
tems. The deletion rules in the insdel systems are of the form xzy — xy,
which with the currently available techniques have to be implemented by
an oligonucleotide encoding sequence xy. This oligonucleotide would bind
any occurrence of the contexts x and y, and would, therefore delete any
sequence embedded between these contexts. Thus, if the template read
xzyy, the rule xy would, with about equal probability, delete sequences z
and zy. Second, there is no way to prevent insertion rules in the insdel sys-
tems from performing substitutions. For example, an insertion rule of the
form xz — xyz, represented by an oligonucleotide encoding the sequence
xyz, and given a template xzzzz would be approximately equally likely
to perform an insertion (rewriting the template into xyzzzz), or any of
the three possible substitutions (rewriting the template into xyzzz, xyzz,
or Xyz).

An additional interesting property of programmed mutagenesis is that all the

machinery necessary to implement it is present in a cell. We have also demon-
strated that the key aspects of programmed mutagenesis function properly [7].
Furthermore, once the reaction is put together, and thermal cycling begins, pro-
grammed mutagenesis requires no intervention on the part of a researcher.
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Abstract. Kobayashi proposed Horn clause computation by DNA
molecules, which is more suitable for expressing complex algorithms than
other models for DNA computing. This paper describes a new implemen-
tation of Horn clause computation by DNA. It employs branching DNA
molecules for representing Horn clauses. As derivations are realized by
self-assembly of such molecules, the implementation requires only a con-
stant number of laboratory operations. Furthermore, it deals with first-
order Horn clauses with some restrictions. In order to realize first-order
logic, we implement variable substitutions by string tiling proposed by
Winfree, et al. As we show the computational power of a Horn clause
program in our model, we give another proof that a polynomial number
of operations using self-assembly of DNA molecules can compute any
problem in NP.

1 Introduction

Various computational models have been proposed to achieve generality and
expressiveness in computation by DNA molecules. One of them is Horn clause
computation proposed by Kobayashi [1}2]. Horn clause computation is more
suitable for expressing complex algorithms than other models for DNA comput-
ing, because it has close relationship to the high-level programming language
PROLOG.

In the implementation by Kobayashi, each molecule represents a fact or a
rule of a Horn clause program, and one sequence of operations corresponds to
one application of the resolution principle. Although first-order Horn clauses in
Kobayashi’s implementation are restricted, he proved that they are equivalent to
nondeterministic Turing machines in their computational power. However, the
number of operations required by Kobayashi’s implementation of Horn clause
computation is proportional to the number of derivation steps.
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Tiling [4] is one of the autonomous molecular computations. DNA molecules
having a complex structure, such as double-crossover and triple-crossover mol-
ecules, are used as tiles. The sides of a tile correspond to the sticky ends of a
DNA molecule, and are labeled by the sequences of the sticky ends. Tiles are
aligned and assembled with each other at the sides whose labels are comple-
mentary. Tiling proceeds autonomously, i.e., we only need to prepare the DNA
tiles, and set the appropriate condition for the reactions. The number of required
laboratory operations is therefore constant.

Recently, Winfree, et al. [9] proposed another kind of DNA tile, called string
tile. Several tile layers are compressed into a single string tile. Mathematically,
a string tile comprises a directed graph. Edges of the graph correspond to DNA
strands in the tile. Vertices are either on the sides of the tile or inside the tile.
Self-assembly of the tiles joins their graphs. When the topology and routing of
the edges is designed carefully, string tiles having simple graphs can perform
surprisingly sophisticated calculations as shown in [9].

This paper describes a new implementation of Horn clause computation by
DNA. Tt employs branching DNA molecules for representing Horn clauses. As
derivations are realized by self-assembly of such molecules, the implementation
requires only a constant number of laboratory operations. Furthermore, it deals
with first-order Horn clauses with some restrictions. In order to realize first-order
logic, we implement variable substitutions by string tiling.

In this paper, we first show how to compute propositional Horn clauses by
DNA molecules. We then extend the model to first-order logic. For the extension,
we show how to implement variable substitutions by string tiling. Finally, we
show the computational power of a Horn clause program in our model. As a
result, we give another proof that a polynomial number of operations using self-
assembly of DNA molecules can compute any problem in NP.

2 Deductive Inference by Self-assembly of DNA

2.1 Simple Boolean Horn Clause Model

Let V.= {A,B,C,...} be a countable set of Boolean variables. A Boolean
formula of the form A is called a fact and a formula of the form A <« By A Ba A
-++ A By, is called a rule, where A, By, Bs, ..., B, € V. We use a comma in place
of A as follows: A « By, Bs,...,B,. A Horn clause is either a fact or a rule.
A Horn clause of the form C' < A, B or of the form C « A is called a simple
Boolean Horn clause (an SBHC, for short), where A, B,C € V. A finite set P
of Horn clauses is called a Horn program. If P consists of SBHCs, P is called a
simple Horn program.

Let Py be the set of all Horn clauses on V. A mapping T : 2V — 2PV ig
defined as follows. Here, we regard a fact A as a rule of the form A «. For
I C Py, we define:

! More precisely, facts and rules are definite clauses.
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T(I):{A<*Bl,...,Bifl,cl,...,Cm,Bi+1,...,Bn |
“A—Bi,...,B,)“B; — C4,...,C,7 e [,1<i<n}

The mapping T means one application of the resolution principle.
Our molecular computation model consists of the following three basic oper-
ations:

1. Detect(P, A): Check whether there exists a specified fact A in a given Horn
program P, and output YES or NO.

2. Py U Py: Compute the set union of a given pair of finite sets P, and P» of
Boolean formulae.

3. T(P): Compute T'(P) for a given set P of Boolean formulae.

These basic operations make it possible to compute logical consequences of
a given simple Horn program P as follows. The following procedure answers
whether a given fact A is a logical consequence of P, or not.

Ny := P;

for i =1tondo
N’ = T(lel),
Ni = N’ U Nifl;
end

Detect(Ny, A);

For any Horn program P, T'(P) denotes the set of clauses derived from two
clauses in P by one application of the resolution principle. Therefore, any element
of T'(P) is a logical consequence of P. It is also obvious that any element of T'(P)U
P is a logical consequence of P. Since P is a finite set, N,, includes every logical
consequence of P, when n is larger than the number of the Boolean variables in
P. Consequently, N,, includes A, if and only if A is a logical consequence of P.

2.2 DNA Implementation

We can regard each DNA sequence as a string on the alphabet X = {a,¢,g,t}.
In this paper, when we write a single stranded DNA as a string, we always write
it from the 5-end to the 3’-end. For a single stranded DNA z, Z denotes the
reverse complementary sequence of = with respect to Watson-Crick pairing.

Implementation of Clauses Horn clauses are implemented by DNA molecules
as illustrated in Figure [

Each Boolean variable A € V is represented by a single stranded DNA E(A),
where E : V — X7 is a coding function mapping each variable in V to a string
on Y. Each fact or rule is represented by a hybridized DNA molecule made of
one or more single stranded DNA molecules, which contain at least one sticky
end. A fact A is represented by a self-annealed single strand, which has the sticky
end E(A). A rule A — By, Bs,...,B,. is represented by n + 1 hybridized single
strands, which have n + 1 sticky ends F(A), E(B1), E(B2),. .., E(By).
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(a) (b) (e) ©)

Fig. 1. Examples of a fact molecule, rule molecules and a query molecule. The
symbol ~ B denotes the sequence E(B) in this figure. (a) The query molecule
to detect the fact A. (b) The rule molecule corresponding to the rule A «—
B. (¢) The fact molecule corresponding to the fact B. (d) The rule molecule
corresponding to the rule A — B, C.

Molecular representations of facts and rules are called fact molecules and rule
molecules, respectively. A fact molecule and a rule molecule, or a pair of rule
molecules can be hybridized at the sticky ends to produce one molecule.

A program P is implemented by water solution containing molecules cor-
responding to its facts and rules. We call a reaction in which two molecules
become one molecule by hybridization at their sticky ends a connection of the
two molecules.

Piotr Wasiewicz et al. [6lJ7] proposed a similar DNA implementation for log-
ical inferences via DNA computing. In [6], only linear rule molecules, which are
Horn clauses with one premise and one conclusion, are allowed in a logical pro-
gram. They then extended their implementation so that inference rules can have
several premises, by combining linear rules [[7]. Their inference system is real-
ized by DNA hybridization like our implementation shown below. A laboratory
experiment was also executed for verifying their implementation.

Implementation of Operations The operation Detect(P, A) can be imple-
mented as follows. First, we introduce a query molecule, which is a self-annealed
single strand with a sticky end as in Figure [[{a). The sticky end of the query
molecule that detects the fact A is F(A). If the fact A is in P, the query
molecule will connect with the corresponding fact molecule, and generates a
circular molecule by ligation. Therefore, Detect(P, A) is implemented by the
following procedure:

1. By using magnetic beads, keep the molecules which are connected with query
molecules at the sticky end F(A), and remove the other molecules.

2. Ligate the molecules in the tube.

3. Check whether there exists a circular molecule. (Breaking non-circular
molecules by exonuclease)

The computation of the set union of finite sets P; and P, of Boolean formulae
is easily realized by merging the two test tubes.
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The computation of the mapping 7' is implemented by the reaction in which
each molecule of a specified Horn program connects with another molecule at
one sticky end. If the hybridization proceeds autonomously, the iteration:

for i =1tondo
N’ = T(lel),
Ni = N’ U Nifl;
end

is implemented as time passes. Hence, the above procedure is completed by one
laboratory operation.

2.3 Validity of the Implementation

In this section, we examine the validity of the implementation. We assume that
two single stranded DNA molecules can hybridize only when they are completely
complementary to each other. It is almost obvious that if a molecule produced
by the above procedure does not contain a self-loop structure, then there exists a
derived Horn clause whose literals correspond to the sticky ends of the molecule.

Now, we examine the case that molecules contain self-loop structures. Let us
explain why the operation Detect is valid even in this case. First, only a rule
molecule can form a self-loop structure because each fact molecule has only one
sticky end. Furthermore, the self-loop structure is generated only by hybridiza-
tion of sticky ends corresponding to the head and an atom in the body of a rule.
Second, the sticky end of a query molecule hybridize only with the sticky end
corresponding to the head of a rule. As a result,

— Molecules forming self-loop structures are removed in Step 1.
— After Step 1, the remaining molecules do not form self-loop structures.

Therefore, there are no molecules with self-loop structures after Step 1, and we
can conclude that the implementation of Detect is valid.

3 Substitutions by String Tiling

3.1 Extension for First-Order Logic

We extend the deductive inference by self-assembly of DNA to deal with first-
order logic. Let S be a relation symbol, and k be its arity. An expression
S(ty,...,tx) is called an atomic formula (or an atom, for short), where t; (1 <
i < k) is a term made of constants, variables and function symbols. If ¢; does
not contain variables for any 4, S(t1, ..., tx) is called a ground atom. The notions
of ground facts, rules and Horn programs are defined in a similar manner. All
variables are considered universally quantified.

We can determine whether a ground fact S(t1,...,t) is a logical consequence
of a Horn program P by the following procedure.
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P’ := MakeClause(P);

Ny := P/;
fori=1tondo
NI = T(Ni_l);
Ni = NI @] Ni—l;
end

Detect(Np, S(t1,- .., tx));

The operation MakeClause(P) substitutes ground terms for all variables of
clauses in P, and returns the instantiated ground clauses.

Any logical consequence of P that contains no variables can be derived from
some finite subset P’ of ground clauses of P. Hence, on the condition that n is
large enough for P and S(t1,...,tk), S(t1,...,tx) is a logical consequence of P
if and only if N,, includes S(t1,. .., tk).

It is necessary to restrict the form of a clause in a Horn program P in order
to implement MakeClause(P) by DNA. The restrictions are as follows.

A term in a rule should be of the form f1(fa(... fn(X)...)).

The arity of a predicate should be at most two.

The arity of a function should be one.

The variable used in the first argument of an atom should always be X, and
the variable in the second argument should always be Y.

5. A fact should contain no variables.

Ll

If each clause in P satisfies these conditions, we say that P is restricted. In the
following implementation by DNA, we deal only with restricted simple Horn
programs.

3.2 DNA Implementation

Now, the coding function F is extended so that it maps relations, functions and
constants to strings in X . A ground term fi(fa2(... fn(a)...)) is then repre-

sented by E(f1(f2(... fu(a)...))) = E(f1)E(f2)... E(fn)E(a). A ground atom
S(ty,...,tx) is represented by E(S)E(t1) ... E(tx).

Outline of MakeClause On the basis of the coding function E defined above,
we implement the operation MakeClause as follows Figure

First, a string tile representing a rule in P is assembled with tiles represent-
ing substitutions for the variables in the rule. The details of the string tiles are
explained later. The resulting large tile is then denatured to produce a single
stranded circular strand, which corresponds to the result of applying the sub-
stitutions to the rule. The circular strand is then annealed and cut at several
positions in order to reveal the sticky ends corresponding to the ground literals
in the rule. If we use restriction enzymes to cut the strand, we insert restriction
sites in the seed tile. The restriction site for the head atom is at the 5-end of
the strand in the MID tile (see below), and that for an atom in the body is at
the 3’-end of the encoded predicate.
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! A(fg(b), )

Clglb), a). '
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Bg®), ga) ™.

Af(g(b)), a) <- Blg(b), g(a)). C(g(b), a)

Af(g(b)), a) <~ Blg(b), g(a)), C(g(b), a)

Fig. 2. An example of the M akeClause operation sequence. (a) A seed tile (rep-
resenting the rule A(f(X),Y) « B(X,¢(Y)),C(X,Y)) and substitution tiles
(representing the substitutions a for Y, g(X) for X and b for X) are assembled.
(b) Strands in tiles are connected with each other, and construct one circular
strand. (c) Other strands are removed. (d) The single stranded circular strand
has sequences corresponding to ground atoms. (e) The strand is self-annealed
to make a 3-armed form. (f) The strand is then cut to reveal sticky ends corre-
sponding to the ground atoms.
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As for fact molecules in P, the operation does nothing since they are already
ground.

Implementation of Substitutions The details of string tiles used in the im-
plementation of MakeClause are as follows. We use two kinds of string tiles,
seed tiles corresponding to a rule, whose arguments contain a variable, and sub-
stitution tiles corresponding to a substitution for a variable. The side of a tile
at which it can connect with another tile is called a port. Since seed tiles and
substitution tiles are linear string tiles (in the sense of [9]), they have at most
two ports. A string in XF, called a binding label, is assigned to each port, and
only ports having reverse complementary binding labels can connect with each
other.

The right binding label of a seed tile encodes X, while the left one encodes Y.
One binding label of a substitution tile encodes X or Y, while the other encodes
~ X or ~ Y, respectively.

A substitution occurs by a connection of tiles according to the binding labels.
After a substitution tile representing a function is connects with a (seed) tile,
a further substitution tile can connect with the resulting tile at the other port.
Finally, the substitution for an argument is completed by a substitution tile
representing a constant.

Structure of a Seed Tile The structure of a seed tile is expressed by a combi-
nation of four kinds of tiles as in Figure Bl Four kinds of tiles are (a) the HEAD
tile corresponding to the head atom, (b) the BODY tiles corresponding to atoms
in the body, (c) the MID tile inserted between the HEAD and the BODY tiles
for making the size of the produced seed tile uniform, and (d) the SIDE tile for
making the produced strand circular.

A seed tile is made by combining these tiles as in Figure Be). BODY1 and
BODY2 denote the BODY tiles corresponding to the first and second atoms of
the body, respectively.

3.3 Computational Power

In this subsection, we construct a restricted simple Horn program (an RSHP, for
short) to simulate a nondeterministic Turing machine which computes a problem
in NP. Through this simulation, we can give another proof that a polynomial
number of operations using self-assembly of DNA molecules can compute any
problem in NP.

Theorem 1. For any decision problem in NP, there exists an RSHP which com-
putes the problem in a polynomial number of steps.

Proof. Let T'M be a one-tape nondeterministic Turing machine which computes
the problem in polynomial time. We will define an RSHP H which simulates
TM in a polynomial number of steps.
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(a) HEAD (b) BODY (c) MID (e)

: C‘_.:_D HEAD
C :> :> SIDE MID

BODY1

-Q :> / BODY2

il
5

Fig. 3. The structure of a seed tile. (a) The HEAD tile corresponding to the
head of a rule. This tile represents P(f1(... fn(X)...),91(-..gm(Y)...)). (b)
The BODY tile corresponding to an atom of the body of a rule. This tile rep-
resents Q(f1(... fn(X)...),01(--.gm(Y)...)). (c) The MID tile to be inserted
between the HEAD and BODY tiles. It is used to make the size of the tiles
uniform. (d) The SIDE tile to make a circular strand. (e) The way for combining
these tiles.

For each state s of T M, we prepare a binary predicate Sy for representing
instantaneous descriptions of 7M. The first and second arguments of S are used
to store the tape symbols to the left and right of the head of T'M, respectively.
The second argument includes the symbol at the head as well.

For each tape symbol t, we prepare a unary function f;. A state transition
with the head moving to the left can be implemented as follows:

Ss’(Xa ftfl(fté] (Y))) — Ss(ft71(X)’ fto(Y))a

where t_1 ranges over all tape symbols of T'M. This rule corresponds to a tran-
sition rule such that the head in the state s reads to, writes ¢, changes the state
to s/, and moves to the left.

Similarly, a state transition with the head moving to the right can be imple-
mented as follows:

Ss/(f% (X), Y) — Ss(Xa fto(Y))

This rule corresponds to a transition rule such that the head in the state s reads
to, writes t(, changes the state to s’, and moves to the right.
We add to H a fact representing an initial configuration of the following form:

Spolar, fo, (feo (- fr, (fo(- - folaz) .. .)) .. 0)))s
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b £ [-1] tfolf t[1]] tl2]] b b

head

\\\\\\\\\\\\\ g(n)

Fig.4. An example of a configuration of a Turing machine. The machine is
in the state s and the head is on the cell with the tape symbol tg. The
fact Ss(fi_, (fo(ar)), fto (fts (ft (fo(fo(a2)))))) represents the configuration of the
Turing machine in this figure. The constants a; and as represent the left and
the right bounds of the tape, respectively.

where pg is an initial state, w = t1ta...%, is the input string to TM, and b is a
blank symbol. The constants a; and as represent the left and the right bounds of
the tape, respectively. Then, HU{ Sy, (a1, ft, (ft, (- .- fr, (fo(- .. fo(az)...)) ... )}
precisely simulates T'M with the input w.

To check whether T'M accepts w or not, we add the following clause:

Goal — S, (X,Y),

where py is a final state of T'M.

4 Discussion

4.1 3D Conformation of Branching Molecules

Proof trees consisting of fact molecules and rule molecules are complex DNA
molecules having 3D conformation with high density. Here, we examine their
conformation quantitatively.

If we regard a proof tree molecule as a binary tree with height n, then the
tree has at most 2" nodes. If the length of each edge in the tree is 1, the 2"
nodes are packed in a cube with volume n3. Hence the volume each node can
occupy is less than 2" /n3. Therefore, the size of each node should become zero
as n increases infinitely. Even if we satisfy the above condition, conformation
with high density may block hybridization.

A solution to this problem is to introduce a new operation for simplifying
proof trees. The operation “contraction” cuts self-annealed bulges, which are
branches without sticky ends, in a proof tree molecule. This operation may be
effective for reducing the density of conformation, unless the proof tree molecule
has too many sticky ends.

This solution has two drawbacks. Firstly, the algorithm is required to repeat
the additional operation “contraction.” It is desirable that the operation also
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proceeds autonomously as proof trees are self-assembled. Secondly, the operation
cannot cut branches with sticky ends.

Another solution is to make edges longer as trees get larger. This solution
cannot be realized with the present set of DNA molecules, which are designed
uniformly.

4.2 Bias and Errors in Hybridization

In our model, we assume that various forms of DNA molecules, which correspond
to facts and rules derived from the initial Horn program, behave uniformly. In
particular, the model ignores the difference between the sticky end sequences.
Different DNA sequences have different rates of hybridization, which lead to
bias in hybridization i.e., some pairs of sticky ends are hybridized more prefer-
ably than others. The analysis of the bias with respect to the time and space
complexity of the model is also left as a future work.

Bias in hybridization is more critical when long terms are encoded in sticky
ends for computing first-order logic. Sticky ends vary in their length as well as
in their contents. The present encoding of terms has this fatal problem.

To make matters worse, the present encoding is error-prone in hybridization.
The sticky ends P(f(f(f(f(a))))) and P(f(f(f(f(f(a)))))) mis-hybridize easily,
and they cannot be denatured easily. Hence it is unrealistic to assume that the
sticky ends hybridize only if the sequences are completely complementary to
each other.

We have no concrete solution to this problem now. But it is clear that a
weak point of our algorithm is to hybridize long DNA sequences at once. So,
an apparent solution is to split long sequences and repeat hybridization of short
ones incrementally. Note that hybridization is also repeated in the phase of
variable substitution. It is therefore desirable to have an algorithm in which
variable substitution and deductive inference are executed in the same phase,
and hybridization for deductive inference is also incremental. As described below,
such an algorithm is also suitable for making substitution efficient.

4.3 Analysis of Chemical Reactions

As for the time complexity of our model, we claimed that the number of labo-
ratory operations required for computing a Horn program is constant. However,
we have not estimated the time necessary to complete each operation. It requires
the examination of the reaction rate of DNA hybridization. The space complex-
ity has a similar problem. More precise analysis of reactions from the aspect of
thermodynamics and kinetics, as that of [3], is necessary to estimate the time
and space complexity of the model and control the reactions as discussed in the
final section.
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4.4 Random Substitutions

The unification algorithm employed in the conventional Horn clause computation
efficiently computes the most general unifier of two atoms. In our model, how-
ever, the generation of substitutions by connections of string tiles is completely
random, and may cause combinatorial explosion of required string tiles.

In our present implementation, the phase of generating substitutions is sepa-
rated from that of the deductive inference. Selective generation of substitutions
as that of the unification algorithm requires the coupling of the two phases.

5 Conclusion

We proposed a DNA computing model based on Horn clause computation. It is
implemented by self-assembly of DNA molecules. We extended the Horn clause
computation to first-order logic by implementing variable substitutions using
string tiles. This model has advantages over other models for DNA computing.
First, because Horn clause computation is based on the high-level programming
language PROLOG, it is easier to design algorithms in the model. Second, be-
cause the implementation employs self-assembly of DNA molecules, the number
of operations to complete the computation is independent of the size of a problem
instance.

It is, however, difficult to control self-assembly of molecules. At the micro-
scopic control, we should carefully design DNA sequences or DNA structures.
At the macroscopic level, the regulation of experimental conditions such as tem-
perature and salt concentration is important.

In particular, the experimental conditions change the reaction rate and the
error probability of molecular computation. Winfree [8] made one detailed anal-
ysis of the reaction rate and the error probability of a simple DNA tiling system
using thermodynamics and showed their trade-off. This kind of analysis should
also be done on our model.

Seeman et al. [5] emphasize the importance of chemical conditions for sta-
bilizing special DNA nanostructures such as illustrated in Figure 2. In order to
assemble large molecules in bulk enough to detect, we should also take chem-
ical conditions into consideration from the aspect of scalability of autonomous
computing.

In general, analysis of DNA computation as probabilistic algorithm will be-
come more and more important for DNA computing to be practical.
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Abstract. We propose a model for representing and manipulating bi-
nary numbers on a DNA chip which allows parallel execution of sim-
ple arithmetic. As an example we describe how addition of large binary
numbers can be done by using a DNA chip. The number of steps is in-
dependent of the size (bits) of the numbers. However, the time for some
biochemical reactions is still large, and increases with the size of the
sequences to be assembled.

1 Introduction

Biological macromolecules can be used for storing information in a new kind of
computers and biochemical reactions, like nucleic acid hybridization and enzyme
reactions, can be used to solve algorithmical problems [Adl94]. Since a vast num-
ber of biochemical reactions can take place at many molecules simultaneously,
parallel computations involving millions of operations seem possible. Methods
for solving several well known NP-complete problems have been proposed, and
have been performed on small examples in many cases [AdI94, [AdI98] LWET00]
[SGKT00, [OKTLLI7, [FCLLO0]. Moreover, based on certain biochemical reactions,
formal models capturing the power of DNA-computing have been developed
[Lip95).

Many arithmetical operations, like addition and multiplication of binary
numbers can be performed in parallel on classical hardware. In this paper we
consider the implementation of simple arithmetic operations in parallel, using
addressable DNA-chips.

The addition of (small) binary numbers with DNA-molecules has been done
by Guarnieri et al. [GFB96]. However the procedure is sequential and does not
use the power of DNA-computing for parallelization. Other approaches are based
on selecting the correct result from a set of all possible values [Afal(, [Fri00]
QL98| [GPZ97, [OR96, Rei97).

We propose a way of representing binary numbers on DNA-chips such that
operations, which allow to initialize and manipulate numbers, can be performed
with standard methods from gene technology. The methods used here have al-
ready been performed in practice by others. In particular, the use of a restriction
enzyme to cut single stranded DNA which builds hairpin loops has been used in
[SGK™00].

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 321-328] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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We show that it is possible to read, write and manipulate numbers. For
example, we describe how to

— store a number on the chip,
— read the number on the chip,
— add a (second) number to the number on the chip,

Each of the above operations can be performed in parallel (for each bit) with a
constant number of steps for each bit of the numbers.

2 The Model

We use addressable DNA-chips for storing and manipulating large binary num-
bers. A standard tool used in DNA computing is hybridization of reverse com-
plementary sequences. To minimize errors we assume that different sequences
are chosen in such a way, that cross hybridization (i.e. the hybridization of se-
quences which are not reverse complementary) is minimal [FLTT97]. We use a
restriction enzyme R4 to cut a double stranded DNA sequence. The restriction
enzyme and the recognition site, denoted by A, is also chosen such that cross
hybridization is minimal. Recall that a restriction site is a palindromic sequence
of typically 4 or 6 bp length.

2.1 Representing Numbers

A number ¢ is represented by a binary string ¢,_1 - - - t1tg, where ¢; € {0,1}, such
that t = Z?:_()l t; - 2¢. The number is stored bitwise, each bit is represented by
specific DNA-sequences which are attached at a particular position (spot) on the
chip via its 3’ end (e.g. from Thermolnteractiva). The sequences for the i-th bit
t; consist of the sequences p;, A, and ¢; (see Figure[). The sequence p; indicates
the position ¢ and is specific for each i. Sequence A is the recognition site of a
restriction enzyme R4 and will be cut in the presence of R4 if paired with its
complementary sequence. The sequence t; is either a sequence indicating value
0 or a sequence indicating value 1 (depending on whether the i-th bit ¢; is 0 or
1). We note here that for all bits the same sequences are used to indicate the
values 0 and 1. In order to minimize cross hybridization, sequence selection can
be done as described by Frutos et al. [FLTT97].

2.2 Basic Operations

Let us first recall how to read a sequences from a chip. To do this we use reverse
complementary oligonucleotides for 0 and 1 which are marked with different
fluorescent dyes, say 0 with red (e.g. Cy3) and 1 with green (e.g. Cy5) [TERT99).
These sequences are put on the chip, where the reverse complementary sequences
bind to the 0/1 sequences on the chip. Additional sequences are washed away,
and the chip is read using a chip reader. All positions (bits) equal to 0 will be
marked red and all positions (bits) equal to 1 will be marked green.
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Fig. 1. Representing numbers with DNA on an addressable chip surface. p; car-
ries the positional information, A contains the recognition site for a restriction
enzyme R4, and t; codes either 1 or 0. Reverse complementary sequences are
underlined. Abbr.: Pol., DNA polymerase; Denat., denaturation; Lig., ligase.

We consider the addition of two numbers a and b using a small set of basic
operations. In a first step, number a is stored on the chip. In a second step,
number b is added bitwise to ¢t. (That is bitwise addition modulo 2 of a; and b; is
computed on the chip). In a third step the carry bits ¢ are added to the number
on the chip. We will further show that the carry bit can be computed in parallel
using the method of Adleman [AdI94].

Let I, denote the positions such that a; = 1. Similarly let I, and I. denote
the positions such that b; = 1 and ¢; = 1 respectively. The the addition of a and
b can be done as follows.

For all i € I, do select ¢ and set ¢t; = 1
For all i /d, do select i and set t; =0
For all i € I do select i set t; =t; B 1
For all i € I. do select 7 set t; =t; D1

The first two steps store a number a on the chip. The third and fourth step
perform bitwise addition modulo 2.

2.3 Writing Numbers on the Chip

Writing numbers on a chip is done in two parts. In the first part all bits which
are equal to 0 are set, and in the second part all bits which are equal to 1 are
set. To do this we prepare

— for all bits 7 which will be set to 0, reverse complementary sequences p;, p; A0
and sequences 0A/2, and
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— for all bits & which will be set to 1, reverse complementary sequences pg,
prAl and sequences 1A4/2,

where A/2 is the sequence A cut by the restriction enzyme R4. To set bits to 0,
two steps are performed. In a first step the values of the respective positions are
deleted, i.e. all positions i /€, are selected. In a second step all deleted positions
are extended to 0, i.e. all selected positions are set to 0.

Select positions i: To delete the values at positions ¢ we use reverse com-
plementary sequences p; to bind to the corresponding sequences p; on the chip.
Using DNA polymerase and free nucleotides the complementary sequence is ex-
tended to yield the double stranded DNA sequence p; At;, where t; is 0 or 1
depending on the value at position ¢. Using the restriction enzyme R4, the se-
quence is cut at position p; A (see Figure [I).

Set t; = 0 for all selected positions i: To set the bit at the selected
positions to 0, we hybridize oligonucleotides consisting of the reverse comple-
mentary sequences p; A0 and sequences 0A4/2. Sequence 0A/2 is able to bind to
its reverse complement, thus building a sequence p; AO which is double-stranded
in the 0A/2 region. (We assume that 0A/2 is in excess such that all p; A0 are
double-stranded in the 0A/2 region). The sequences are put on the chip and the
single stranded part of the p; A0 sequence which is complementary to p; A/2 will
bind to the sequence p; A/2 of a selected position. Using DNA ligase the free
neighboring ends in the resulting double stranded DNA sequence can be closed
(see Figure [T)).

To set bits to 1 is done similarly by using the reverse complementary se-
quences pg, prAl and sequences 1A4/2.

2.4 Bitwise Addition Modulo 2

As second operation we consider addition modulo 2. Assume that a number % is
stored on the surface of the chip and a number b will be added bitwise modulo 2.
That is, for all 7 such that the i-th bit of b is equal to 1, the values of ¢; have to
be flipped. To achieve this we use the fact that reverse complementary sequences
in a single stranded DNA molecule form hairpin loops.

The bit flipping is done in two parts. In the first part the bits ¢; equal to 0
are set to 1, in the second part the bits ¢; equal to 1 are set to 0 (see Figure[2).
To do this we prepare

— for all bits £ such that by = 0, reverse complementary sequences p;, and
— for all bits 7 such that b; = 1, sequences 0A, 14 and A. Note that 04 and 14
consist of reverse complementary sequences of 0 or 1 followed by sequence

A.

In general, reverse complementary sequences are underlined. To set t; from 0 to
1 is done as follows.
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Block for b,=0:

Select for a,;=0 and b=1:

Select for a=1 and b=1:

— — — > —»
+R, A2l] & ng’fll AR A Block +1A
. A

P % P P, Es for b=0 =

Fig. 2. Adding modulo 2 on a chip surface. Abbr. are as for Figure [l

1. All positions k such that by is equal to 0 are blocked from further reactions.

2. All remaining positions 7 such that ¢; is equal to 0 are selected. In this
reaction the blocking of the positions k such that by is equal to 0 is released.
Selected positions are set to 1 and blocked from further reactions.

3. All positions k such that by is equal to 0 are blocked from further reactions.
All remaining positions i such that t; is equal to 1 are selected.

4. Selected positions are set to 0.

We describe the procedure in detail. In the first step, reverse complementary
oligonucleotides py, for all k such that by = 0, are added to the chip and will
bind to the sequences py Aty,. The 3’ end of p;, will be elongated by adding DNA
polymerase and free nucleotides (see Figure B).

For the next step, partially reverse complementary oligonucleotides 0A and
A are hybridized and added to the chip. Now oligonucleotides 0A which are
double stranded on the A part, will hybridize to 0 at all positions p; A0 which
are not blocked by step 1. The DNA ligase is used to attach A to 0. Then AQ is
removed by denaturation. Note that this also removes the blocking of positions
pr. performed in the first step above.

Now A can hybridize intramolecularly with sequence A to form a hairpin
loop. This double stranded part of the DNA sequence can be cut using restriction
enzyme R,. Now all positions p; such that b; = 1 and ¢; = 0 are selected and
can be set to 1 as described in paragraph “Set ¢; = 0 for all selected positions

17 above.

3 Computing the Carry Bits

Our construction follows the method of Adleman to build all possible paths in
a graph. We prepare nodes and edges as follows. Each node specifies whether
position i generates, propagates, or deletes a carry. An edge connects a node
©+ 1 to node i, if position ¢ propagates a carry.
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To build the nodes and edges we prepare

— for all bits ¢ such that a; = 1, reverse complementary sequences p;4+1Al;,
for all bits ¢ such that a; = 0, reverse complementary sequences p;+1A0;.
The 5’ ends of the oligonucleotides are biotinylated.

— for all bits ¢ such that b; = 1, sequences 0;¢; and 1;1 (i.e. sequences 3’-0;¢;-5’
and 3-1;1-5),
for all bits 4 such that b; = 0, sequences 0,0 and 1;¢; (i.e. sequences 3’-0;0-5’
and 3,‘12'(]1"57)-

— for all ¢, sequences ¢;p; (i.e. sequences 3’ — ¢;p; — 5').

— reverse complimentary sequences pgA0. The 5’ end is biotinylated.

First we compute the sequences for the nodes, indicating whether a carry is gen-
erated, propagated or deleted. For all 7, we select the respective oligonucleotides
for a; and b; as defined above. The oligonucleotides are mixed under condi-
tions that complementary sequences hybridize. Double strands are extended by
DNA polymerase, then the double strands are denatured. Single strands contain-
ing a biotin are coupled with paramagnetic streptavidine molecules (e.g. from
Promega). They can now be separated by using a magnet from the rest of the
DNA molecules in the solution [Adl94|. Observe, that for all positions i,
ifa;=0b;=1 then the nodes are sequences p;1A41;1

ifa;=b;=0 then the nodes are sequences p;11A0;0

if a; = 1 and b; = 0 then the nodes are sequences p;+1A1;¢;

if a; = 0 and b; = 1 then the nodes are sequences p;1A40;¢;

Now we add the sequences corresponding to the edges, i.e. sequences g¢;p;.
(Note that some edges are connecting nodes that are not present). Furthermore
sequences pgAO0 are added since at position 0 no carry has to be considered.
Complementary sequences hybridize. Double strands are extended by DNA poly-
merase and then denatured. Single strands containing a biotin are separated as
described above.

We observe that for every position i, the resulting DNA molecules contain
sequences starting with p;;; at the 5" end, and ending with a 0 or a 1 at the 3’
end. Moreover, if the carry bit ¢;4+1 = 1, then the sequences end with a 1. If the
carry bit ¢;41 = 0, then the sequences end with a 0.

We prepare a dextran matrix, to which the oligonucleotides 0 are attached
(e.g. from ThermoHybaid). This selects two sets of DNA, one set containing
sequences with p; for all positions ¢ such that the carry bit is 1, and one set
containing sequences with py for all positions & such that the carry bit is equal
to 0.

We add to each set the oligonucleotide A, hybridize and cut with restriction
enzyme R 4. The double strands are denatured and separated by using a magnet.
The second set contains pyA/2 or qiprA/2 for all k such that b, = 0, and can be
used to block positions k as described in subsection “Bitwise addition modulo
2.7
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4 Discussion

Standard methods of molecular biology are used to carry out all described calcu-
lations. Since all involved methods are feasible [ABK™01], the whole procedure
seems also feasible. Single reactions might take a long time (e.g. ligation) and are
error prone. Since we are using a constant number of steps for each position 4,
the overall error will be small enough to read out the result on the chip. Except
cutting with restriction enzymes (e.g. BamH1, HindIII, EcoR1 etc.) the reactions
are reversible. DNA double strands are more stable at lower temperature and
higher salt concentration and the conditions for hybridization and denaturation
have to be optimized. For the ligation reaction we can use T4 DNA ligase, for
extending the 3’ ends of p; possible candidates are the Klenow fragment of DNA
polymerase I, the large fragment of Bst-DNA polymerase or T4 DNA polymerase
JABK™01].

A crucial step involved is the computation of the carry bits. Here the length of
the sequences depends on the number of bits used, slowing down the hybridiza-
tion kinetics. A possible approach to keep sequences to an expected constant
length could be to involve splicing mechanisms. (Splicing removes middle parts of
the sequence, e.g. removes the ¢;p;0; A part from p; 1 A1;¢;p; A0;0). For example,
if we use RNA instead of DNA [FCLL00], we could exploit self splicing reactions.
Currently there are limitations in exploiting splicing mechanisms: (1) RNA is
less stable than DNA. (2) Splicing mechanisms are complex but generally irre-
versible. They depend on consensus sequences. Self splicing introns, which could
be used, are RNA sequences with catalytic activity, so called ribozymes. Splic-
ing of pre-mRNAs of higher eucaryotes is mediated by spliceosomes which are
complexes of proteins and small RNAs [Sha94] and are therefore not applicable.

By removing biotin-streptavidine labeled oligonucleotides via a magnet
[Ad194], or selecting oligonucleotides 0 losses may occur. These losses should not
fall below a certain threshold level. The exact amounts have to be determined
experimentally.

Currently we are investigating further biochemical reactions to simplify the
procedure and to optimize the involved algorithm. The proposed model will be
optimized to use as little as possible manual steps. An interesting question is,
whether the calculation and addition of the carry bits is possible on the chip
surface.

References

[ABK'01] F.M. Ausubel, R. Brent, R.E. Kingston, D.D. Moore, J.G. Seidman, J.A.
Smith, and K. Struhl, editors. Current Protocols in Molecular Biology.
Wiley and Sons, 2001.

[Ad194] L.M. Adleman. Molecular computation of solutions to combinatorial
problems. Science, 266:1021-1024, November 11, 1994.
[Ad198] L.M. Adleman. Computing with DNA. Scientific American, 279(2):54—

61, August 1998.



328 Hubert Hug and Rainer Schuler

[Ata00]

[FCLL00]

[FLT*97]

[Fri00]
[GFBY6)]

[GPZ97]

[IER'99)

[Lip95]
[LWEF*00]
[OKLL97]

[ORY6]

[QLYS]

[Rei97]

[RW99)

[SGKT00]

[Sha94]

A. Atanasiu. Arithmetic with membranes. In Workshop on Multiset
Processing, Curtea de Arges, Romania, August 2000, pages 1-17. C. S.
Calude and M. J. Dinneen and Gh. Paun, 2000.

D. Faulhammer, A. R. Cukras, R. J. Lipton, and L. F. Landweber. Molec-
ular computation: RNA solutions to chess problems. Proc. Natl. Acad.
Sci. USA 97, pages 1385-1389, 2000.

A. G. Frutos, Q. Liu, A. J. Thiel, A. M. Sanner, A. E. Condon., L. M.
Smith, and R. M. Corn. Demonstration of a word design strategy for
DNA computing on surfaces. Nucleic Acids Res, 25(23):4748-4757, 1997.
P. Frisco. Parallel arithmetic with splicing. Romanian Journal of Infor-
mation Science and Technology (ROMJIST), 2000. to appear.

F. Guarnieri, M. Fliss, and C. Bancroft. Making DNA add. Science,
273(5272):220-223, July 12 1996.

V. Gupta, S. Parthasarathy, and M.J. Zaki. Arithmetic and logic opera-
tions with DNA. In Proceedings of the 3rd DIMACS Workshop on DNA
Based Computers, held at the University of Pennsylvania, June 23-25,
1997 [RW99], pages 212-220.

V.R. Iyer, M.B. Eisen, D.T. Ross, G. Schuler, T. Moore, J.C. Lee, J.M.
Trent, L.M. Staudt, J. Hudson, M.S. Boguski, D. Lashkari, D. Shalon,
D. Botstein, and P.O. Brown. The transcriptional program in the re-
sponse of human fibroblasts to serum. Science, 283:83-87, 1999.

R. J. Lipton. DNA solution of hard computational problems. Science,
268:542-545, April 28, 1995.

Q. Liu, L. Wang, A. G. Frutos, A. E. Condon, R. M. Corn, and L. M.
Smith. DNA computing on surfaces. Nature, 403:175-179, 2000.

Q. Ouyang, P. D. Kaplan, S. Liu, and A. Libchaber. DNA solution of the
maximal clique problem. Science, 278:446-449, 1997.

M. Ogihara and A. Ray. Simulating boolean circuits on a DNA computer.
Technical Report TR 631, University of Rochester, Computer Science
Department, August 1996.

Z.F. Qiu and M. Lu. Arithmetic and logic operations for DNA computers.
Second TASTED International Conference on Parallel and Distributed
Computing and Networks, pages 481-486, December 1998.

J. H. Reif. Local parallel biomolecular computing. In Proceedings of the
8rd DIMACS Workshop on DNA Based Computers, held at the University
of Pennsylvania, June 23-25, 1997 [RW99], pages 243-264.

H. Rubin and D. Wood, editors. Proceedings of the 3rd DIMACS Work-
shop on DNA Based Computers, held at the University of Pennsylvania,
June 28-25, 1997, volume 48 of DIMACS: Series in Discrete Mathemat-
ics and Theoretical Computer Science., Providence, RI, 1999. American
Mathematical Society.

K. Sakamoto, H. Gouzu, K. Komiya, D. Kiga, S. Yokoyama, T. Yokomori,
and M. Hagiya. Molecular computation by DNA hairpin formation. Sci-
ence, 288:1223-1226, 2000.

P.A. Sharp. Nobel lecture: Split genes and RNA splicing. Cell, 77:805—
815, 1994.



On P Systems with Global Rules

Andrei Paun

Department of Computer Science, University of Western Ontario
London, Ontario, Canada N6A 5B7

apaun@csd.uwo.ca

Abstract. We contribute to the vivid area of membrane computing (P
systems) by considering the case when the same evolution rules are valid
in all regions of a system. Such a P system is called with global rules.
We consider the case of string-objects, with the evolution rules based on
splicing and by rewriting. Universality results are proved for both types
of systems. For splicing we also try to minimize the diameter of the used
rules, while for rewriting systems we improve a result from the literature,
proving that two membrane suffice for simulating Turing machines.

1 Introduction

Membrane computing is a computing framework inspired from the functioning of
alive cells: in the regions defined by a membrane structure one places objects (in
the present paper they are considered strings over a given alphabet), and rules
for processing these objects. By using these rules in a nondeterministic parallel
manner, we get transitions between system configurations, hence computations.
Many variants were already considered in the literature, and many of them were
proved to be computationally universal (equal in power to Turing machines),
while many are able to solve NP-complete problems in polynomial time by mak-
ing use of an exponential space created by membrane division and/or by object
replication.

In the basic model, as introduced in [7], with each region one associates a
(possibly) different set of rules. A natural variant is to consider the case when
the rules are not localized, but a unique set of rules exists (a “global” set), which
are used in all regions of the system. We deal here with this case, for P systems
with string objects processed by rewriting (by means of context-free rules) and
by splicing.

It is known (see [7], [9]) that in the case when each region has the set of
rules, rewriting P systems (with three membranes [7]) and splicing P systems
(with two membranes, [9], [2]) are computationally universal, they generate all
recursively enumerable languages. At the first sight, working with a unique set of
rules is a strong restriction, but as we will prove below, we still get universality.
This is true for both rewriting and splicing P systems. Again, in both cases two
membranes are sufficient. For splicing P systems we also minimise the diameter
of the used rules (the length of strings involved in the splicing rules).
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© Springer-Verlag Berlin Heidelberg 2002
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We want to emphasize here a common feature of splicing and rewriting P
systems (which is considered here for the first time for rewriting P systems): be-
cause we use a terminal alphabet for selecting among the strings sent out of the
system those which belong to the language generated, one does not need to take
into account account only halting computations and to introduce a (terminal)
string in the language only if the computation halts. (The use of halting com-
putation is essential in the case of symbol-objects, when we count the objects
leaving the system, and a way to stop the computation is necessary, but not in
the case of string-objects.). This slightly changes the proof techniques, because
instead of introducing trap rules of the form Z — Z, for running a “wrong” com-
putation forever, we have to make sure that a nonterminal symbol is introduced
in a sentential form so that it will never lead to a terminal string.

2 Basic Definitions

We will first remind the splicing operation introduced in [3] as a formal model of
the DNA recombination under the influence of restriction enzymes and ligases.

A splicing rule (over an alphabet V) is a string r = uj#ua$us#uy, where
U1, u2, uz,ug € V* and #,$ are two special symbols not in V. (V* is the free
monoid generated by the alphabet V' under the operation of catenation; the
empty string is denoted by A; the length of € V* is denoted by |z|.) For
z,y,w,z € V* and r as above we write

(l’, y) F (wv Z) iff v = z1uru2w2, Y = yrusuaya,

*
W = T1ULU4Y2, 2 = Y1U3U2T2, for some T1,T2,Y1,Y2 ceV*.

We say that we splice x,y at the sites uijus, uzuyg. These sites encode the pat-
terns recognized by restrictions enzymes able to cut the DNA sequences between
u1, Uz, respectively between us, uy.

Let us now pass to splicing P systems. (The reader is assumed familiar with
basic elements of membrane computing: membrane, membrane structure, region
associated with a membrane, representation by means of strings of matching
parentheses; see, e.g., [7].)

A splicing P system with global rules (of degree m > 1) is a construct
II=(V,T,u,L1,..., Ly, R), where:

(i) V is an alphabet; its elements are called objects;

(if) T C V (the output alphabet);

(iv) p is a membrane structure of m membranes (labeled with 1,2,...,m);

(v) L;i,1 < i < m, are languages over V associated with regions 1,2,...,m of
14

(vi) R is a finite set of evolution rules given in the following form:
(r = uy #FugSus#uy; tary, tare), where r = uj #uo$us#uy is an usual splic-
ing rule over V and tary,tary € {here,out,in}.
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Note that, as usual in H systems, when a string is present in a region of our
system, it is assumed to appear in arbitrarily many copies (any number of copies
of a DNA molecule can be obtained by amplification).

Any m-tuple (M, ..., M,,) of languages over V is called a configuration of
II1. For two configurations (M, ..., My,), (M7,..., M/ ) of IT we write
(My,...,Mp,) = (Mj,...,M])
if we can pass from (My,..., My,) to (Mj,..., M) by applying the splicing
rules from R, in parallel, to all possible strings from the corresponding regions,
and following the target indications associated with the rules. More specifically,
if 2,y € M; and (r = uy#uSus#uy, tary,tars) € R such that we can have
(z,y) Fr (w,z), then w and z will go to the regions indicated by tari,tars,
respectively. If tar; = here, then the string remains in M;, if tar; = out, then
the string is moved to the region immediately outside the membrane i (maybe,
in this way the string leaves the system), if tar; = in, then the string is moved
to any region placed directly inside membrane 4; if 7 is an elementary membrane,
then the rule cannot be applied. Note that the strings x,y are still available in
region M;, because we have supposed that they appear in arbitrarily many copies
(an arbitrarily large number of them were spliced, arbitrarily many remain), but
if a string w, z is sent out of region i, then no copy of it remains here.

A sequence of transitions between configurations of a given P system [T,
starting from the initial configuration (L1, ..., Ly,), is called a computation with
respect to I1. The result of a computation consists of all strings over T" which
are sent out of the system at any time during the computation. We denote by
L(IT) the language of all strings of this type. We say that L(II) is generated by
1.

Note two important facts: if a string leaves the system but it is not terminal,
or it remains in the system, then it does not contribute to the language L(IT).
It is also worth mentioning that we do not consider here halting computations.
We leave the process to continue forever and we just observe it from outside and
collect the terminal strings leaving it.

We denote by SPLG,, the family of languages L(II) generated by splicing
P systems as above, of degree at most m > 1, and with global rules.

We define the diameter of a splicing P system II = (V,T,u, L1, ..., Ly, R),
in a similar way as in the case of extended H systems ([5]), by
dia(II) = (n1,n2,n3,n4), where n; = max{|u;| | u1F#usSus#us € R}, 1 <i < 4.
We denote the family of languages generated by P systems of degree at most
m, with global rules, and with diameter at most (ny, ne, ng,n4) by

SPLGm(nl, no, N3, 714).

For rewriting P systems we start by considering the general definition, when
the rules are specific to regions. A rewriting P system is a construct:
o= (V,T,uLi,...,Ln,(R1,p1)y.--,(Rn,pn)), where V is an alphabet, T C
V' is the terminal alphabet, y is a membrane structure, Lq,..., L, are finite
languages over V', Ry,..., R, are finite sets of context-free evolution rules, and
p1,---,pn are partial order relations over Ry, ..., R,, respectively.
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The rules are provided with indications on the target membrane of the pro-
duced string, and always we use only context-free rules. Thus, the rules are of
the form X — v(tar), where tar €{here, out, in}, with the obvious meaning: the
string produced by using this rule will go to the membrane indicated by tar.

The language generated by a system I7 is denoted by L(II) and it is defined
as follows: we start from an initial configuration of the system and proceed itera-
tively, by transition steps done by using the rules in parallel, to all strings which
can be rewritten, obeying the priority relations relative to the membranes, and
collecting the terminal strings sent out of the system during the computation.

Note that each string is processed by one rule only, the parallelism refers
here to processing simultaneously all available strings by all applicable rules. So,
even if we can apply more than one rule to a string, only one of the possible
rules is applied. If we have priorities, then the high priority rule “forbids” the
application of a low priority rule.

We say that such a system has global rules iff Ry = Ry = ... = R, = R
and a partial order relation p over R is given; then we write the system in the
following form: I'=(V,u,Ly,...,L,,R,p).

We denote by RPL,,(Pri) the family of languages generated by rewriting P
systems of degree at most n,n > 1, using priorities; and with RPLG,,(Pri) the
family of languages generated by rewriting P systems of degree at most n, with
priorities and having global rules.

3 The Power of Splicing P Systems

We prove now that the splicing P systems with global rules and only two com-
ponents are computationally universal:

Theorem 1. SPLGy = RE.

Proof. Let G = (N, T, S, P) be a type-0 Chomsky grammar and let B be a new
symbol. Assume that NUT U{B} = {a1,...,a,} and that P contains m rules,
u; — v;,1 <4 < m. Consider also the rules uy1; — vm4j,1 < j < n, for
Um+4j = Um+; = ;. Let us consider n’ = m + n.

We construct the splicing P system (of degree 2):

= (V,T, i, L1, Lo, R = R'UR"),
V=NUTU{B,X. XYY Z1, %0, Z} U{X: | 0 < i <}
U{Y;|0<i<n'},
PRRARN
Ly ={Z.X'Z, Z,Y' Y U{Z1Y; | 0 <i <y U{XiwiZy | 1< i<},
Lo = {XSBY,XZy, Z:Y} U{Z:Y; | 1 <i <n'}U{XiZ | 0<i<n —1},
R = {(X;vi#2:18X#; in, out), (a#Yi$Z1#Y;_1; in, out) | 1 <i </,
ae NUTU{B}}
U {(#Yo$SZ1#Y"; in, out), (Xo#$X'#Z1; out, here) |a € NUT U {B}}
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U {(#BYS$Z14; here, out), (X#$#7Z}; out, out),
R" = {(a#tu;Y $Zo#Y;; out, here) }, (Xi#a$ X, _1#Zo; here,out) | 1 < i < n’,
a € NUTU{B}} U{(X'#$X#Zs; here, here), (#Y'$Zo#Y ; out, here)}

The idea of this proof is the “rotate-and-simulate” procedure, as used in
many proofs in the H systems theory. Here both the simulation of the rules in G
and the circular permutation of strings are performed in I7 in the same way: a
suffix u of the current string is removed and the corresponding string, v, is added
in the left end of the string. For a rule v — v from P, we simulate a derivation
step in G; while for a symbol in N UT U {B} we have one symbol “rotation” of
the current string (u = v).

The special marker B is used to ensure that the produced strings are in the
right permutation since B marks the beginning of the word. For instance, if
Xwi1BwyY is produced in I7, this means that in G we have the word waw;.

Let us see in more detail the work of the system.

The “main” axiom is XSBY'; we will always process a string of the form
XwyBw2Y (the axiom is of that form). We replace a suffix «;Y of this word
with Y; (in region 2) and the prefix X with X;v; (in region 1). Then we will
decrease repeatedly the subscripts of ¥; and X; by one (each time the string
is sent to the other membrane). In the end we will replace Yy with Y and X
with X (this means that ¢ = j; so we simulated the production u; — v;). In this
way we can simulate the productions from P (using the splicings that model
u; — v;, 1 <4 < m) and rotate the string (using the splicings that model
u; — vy, m+1<i<m+n).

In the end, in membrane 1, we delete the markers B and Y together (to be
sure that we have the right permutation of the word) and finally we delete the
marker X and send the string out. Thus, we get L(G) C L(IT).

Now we will prove the converse inclusion. We will start observing that the
rules from the set R’ can only be applied in membrane 1 and the rules from
R” can only be applied in membrane 2: To prove this, first observe that the
rules with a target in can only be applied in the outer membrane (membrane
1). Because of this and because the “by products” of a splicing in membrane 1
are expelled from the system, the special characters Z;, and Z] can never reach
membrane 2. Because the rest of the rules from R’ have always either Z; or Z]
in their pattern, we obtain that the rules from the group R’ cannot be applied in
membrane 2 and also the rules from R” cannot lead to terminal strings if they
are used in membrane 1.

A simple discussion can show that we have to start in membrane 1 using a
rule (X;v;#7Z18X#; in, out), otherwise the computation halts in a few steps
without producing any terminal strings.

So, we start by replacing X with X;v; in membrane 1 and then continue by
cutting u;Y and replaceing it with Y} in membrane 2. The string X;v;wY; gets
in membrane 1, where the only possibility is to apply the rule
(a#Y;8Z1#Y;_1; in, out). The string X;v;wY;_1 gets in membrane 2, where
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the only possibility is to apply the rule (X;#a8$X;_1#Z2; here, out), so the
string X;_1v;wY;_1 gets in membrane 1. We iterate the process until at least
one of the subscripts of X or Y is 0. If we got X, then we decreased the subscript
of X in membrane 2 and sent the string Xov;Y;_; in membrane 1. Now we have
two possibilities: j /= or j = 1.

If j /=then j —i /=0, so we can decrease the subscript of” and send the
string in membrane 2. But here the string Xov;wY;_;—1 can enter no further
splicings. Before decreasing the subscript of Y, in membrane 1 we can also apply
the splicing rule (Xo#$X'#Z1; out, here); the string X'v,wY;_; is sent to
membrane 1 and we continue as before. In this case in membrane 2 we can replace
X' by X using the rule (X'#8X#Zs; here, here) and the string Xv;Y;_;_1
cannot enter any other splicings so it remains in membrane 2.

If 5 = 4, then the only productions from region 1 that can be applied are
these two: (a#Y$Z1#Y; in, out) and (Xo#$X'#7Z1; out, here). If we apply
the first one, then the string Xov;wY”’ is sent to membrane 2, here we can only
apply the rule that replaces Y/ with Y, so the string Xov;wY gets in membrane
1. This string will never lead to a terminal string because we cannot delete the
left marker (we can replace X with X’ but the string remains in this membrane
and that marker cannot be deleted).

If we start with the rule (Xo#$X'#Z7;; out, here), then we get the string
X'v;wYp. The only possibility to continue is to apply (a#Yo$Z1#Y”; in, out)
and the string X'v;wY”’ gets in membrane 2. If we don’t replace here X’ with
X, then again the string that gets into membrane 1 cannot lead to a terminal
string. So first we replace X’ with X (using the rule X'#$X#Z5) and then we
replace Y’ by Y by using the rule (#Y’'$Z2#Y; out, here). In this way we send
the string Xv;wY in membrane 1 and we can perform another step of rotating
the word or simulating the rules from P.

Therefore, the computations in II correctly simulate rules in G or circularly
permute the string. In this way we get that L(IT) C L(G). O

In the following we will try to minimise the diameter of the used splicing P
systems with global rules (the restriction sites of the restrictive enzymes have a
limited length, so the problem is quite natural).

The following auxiliary result is easy to be proved.

Lemma 1. SPLG,,(n1,n2,n3,n4) = SPLG,(n3,ng,n1,n2), for all m > 1
andn; > 0,1 <13 <4,

Theorem 2. SPLG5(1,2,1,0) = SPLG5(1,0,1,2) = RE.

Proof. We give only the construction for SPL3(1,2,1,0) = RE, the other equal-
ity follows from Lemma [

Let G = (N,T,S,P) be a type-0 Chomsky grammar in the Kuroda nor-
mal form, (that is, P consists of context-free rules of the form A — z, A €
N, x € (NUT)*, |z| < 2, and non-context-free rules of the form AB —
CD, A,B,C,D € N) and let B be a new symbol. Assume that NUT U {B} =



On P Systems with Global Rules 335

{a1,...,a,} and that P contains m rules, u; — v;, 1 < i < m. Consider also the
rules Upmy; = Vm4j, 1 < J < n, for Umij = Vmgj = 0.

We denote by P; the set of context-free rules considered above, and with P,
the rest of the rules. One can see that the rules uy,1; — V45,1 < j <narein
P;. We construct the splicing P system (of degree 3):

II=(V,T,p,L1,Ls, Ly, R= R UR"UR"),
V =NUTU{B,X, XY, Zx, Zx1, Zy, Zx, Z\} U{Y;, Zy, | 0 < i < n +m}
U{X;, Zx;, ZZ,YJ,ZYI/ |1 <i<m-+n},
H= [1[2[3]3]2]17
Ly = {XSBY, 2\, 23} U{Zy,Yi | 0 <i <n+m}U{Zy,Y] |1 <i<n+m},
Lo = {XZx, X' Zx} U{Xiv:iZ; | 1 <i <m+n)
U{XiZx, |1<i<m+n—1},
Ly ={ZyY},
R = {(#uw;Y$Zy,#;in,out),| u; — v; € P}
U {(CH#DY $Zy,#; here, out), (#CY/$Zy, #;in, out) | vy = CD — v; € Pa}
U {(a#Y:$Zy,_,#;in,out) | 1 <i<n+m, a € NUTU{B}}
(a#BY $Z\#; here,out), (#Z\$X#;out,out) | a € T},
(a#Z;$ X #;0ut,in) |1 <i<n+m, a e NUT}
(Xic1#Zx,_,3Xi#; out,in) | 2 <i<n+m}
(X'#Zx:8X1#;in,in), (X#Zx$X #;o0ut,in)},
R" = {(a#Yo$Zy #; 0ut, out) | « € NUT U{B}}.

u{
=
u{
u{

This proof closely follows the proof of Theorem 1 from [9], with a special
attention paid to the diameter of the splicing rules and also changing the rules
to be global. We leave the details to the reader; the arguments used in the proof
of Theorem [l are also useful in proving the correctness of the given construction.

O

4 The Power of Rewriting P Systems

We now pass to the second model of P systems we discuss here, rewriting P
systems. First we improve the main result from [7] about this variant, that is,
we prove that two membranes are sufficient for universality.

Theorem 3. RPLy(Pri) = RE

Proof. Let G = (N, T, S, M, F) be a matrix grammar with appearance checking
in the binary normal form [I], that is, with N = Ny U Na U {5, 1}, with these
three sets disjoint, and the matrices in M are of one of the following forms:

1. (S — XA), with X € Nl,A S Ng,
2. (X =Y, A— ), with XY € N7y,A € Noyyxz € (N UT)*,
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3. (X =Y, A— 1), with XY € N1, A € Ny,
4. (X - 21, A — x9), with X € N1, A € Ny, and 21,22 € T*.

Moreover, there is only one matrix of type 1 and F' consists exactly of all rules
A — { appearing in matrices of type 3. For each matrix of type 4 (X — 21,4 —
x2), with 1,29 € T*, we also introduce the matrix (X — X'z, A — x2),
which is considered of type 4’; we also add the matrices (X' — \); X’ is a new
symbol associated with X. Clearly, the generated language is not changed. We
assume the matrices of the types 2, 3, 4’ labeled in a one-to-one manner with
mq, ..., mg. We construct the following rewriting P system:

= (V.T, p, L1, Lz, (R1, p1), (R2, p2)),
V=NUNU{E, Z 1} UTU{X;, X/ | X € N1,1<i <k},
H= [1[2 ]2]1’
L, = {XAE}, where (S — SA) is the initial matrix of G,
Ly =0,
Ri={ro:a—alaceV-Ta/FEtU{rg: E— Aout)}
U{ti: X = Yi(in) | m; : (X — Y, A — z) is a matrix of type 2}
U{ti: X = Yi(in) | m; : (X =Y, A — 1) is a matrix of type 3}
U{ti: X — X[z1(in), X] = X|m;: (X = X'z1, A — 29)
is a matrix of type 4/} U{Y; =Y, Y/ - Y |Y € Ny,1 <i <k},
pr={ra>rolacV-T,a /F},
Ro={ri:Y; =Y, ri: A—>x(out) |[m; : (X -Y,A— x)
is a matrix of types 2 or 4}
U{ri: X! — X/, i1 A— xo(out) | m;: (X — X'z1, A — x2)
is a matrix of type 4’}
UApi Vi Y Y = Yy s A = tout) | mi s (X — Y, A — )
is a matrix of type 3} U{po : E — E(out)},
p2 = {ri > 1, i > pj, pi >}, p; > | i /5, for all possible i, 5}
U {p! > pi, pi > po, ri > po | for all possible i}.

We will now explain the work of the system. Observe first that the rules
a — « from membrane 1 change nothing, can be used forever, and prevent the
use of the rule E — A(out), which sends the string out of the system. So, we can
use the rule E — X only after all nonterminal symbols have been rewritten into
terminal ones.

Let us assume that in membrane 1 we have a string of the form XwFE (ini-
tially, we have the string X AF). In membrane 1 one chooses the matrix to be
simulated, m;, and one simulates its first rule, X — Y, by introducing Y; (the
subscript i keeps the information about what rule we are simulating); and then
the string is sent to membrane 2.
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Let us discuss now the case of matrices of type 2: In membrane 2 we can use
the rule r; : Y; — Y; forever. The only way to exit this membrane is by using the
rule A — z appearing in the second position of a matrix of type 2 (we cannot
use pg : E — E(out) because r; has priority over py, and we cannot use a rule
pl! because r; has again priority). Due to the priority relation ps, this matrix
should be exactly m; as specified by the subscript of ¥; (every other rule cannot
be applied because then r; have priority over all 77 with j /=). Therefore, we
can continue the computation only when the matrix is correctly simulated (we
use the rule r}).

The process is similar for matrices of type 3: The rules ¥; — Y/, Y/ - V;
can be used forever and we remain in membrane 2. We can quit this membrane
either by using a rule A — f(out) or by using the rule E — E(out), we cannot
use a rule r; because p; > 7 and p} > r}. In the first case the computation will
never lead to a terminal string (we introduced the trap-symbol { that can never
be removed). Because of the priority relation, such a rule must be used if the
corresponding symbol A appears in the string. If this is not the case, then the
rule Y; — Y/ can be used. If we now use the rule Y — Y;, then we get nothing. If
we use the rule E — E(out), and this is possible because Y; is no longer present,
so the higher priority rule p; cannot be applied, then we send out a string of the
form Y/wE.

In membrane 1 we replace Y; or Y/ by Y, and thus the process of simulating
the use of matrices of types 2 and 3 can be iterated.

A slightly different procedure is followed for the matrices of type 4’; they are
of the form m; : (X — X'z1, A — 22). In membrane 1 we use X — X/x1(in),
which already introduces the string x1, and the string arrives in membrane 2.
Again the only way to leave this membrane is by using the associated rule A —
x2(out). In membrane 1 we have to apply X/ — A. If no symbol different of E
and the terminal symbols is present, then we can apply the rule E — A(out).
Thus, a terminal string is sent out of the system.

Therefore, in the language L(IT) we collect exactly the terminal strings gen-
erated by the grammar G, that is L(G) = L(II). O

By appropriately modifying the proof of Theorem [B] we can now show that
rewriting P systems with global rules and only two components are computa-
tionally universal:

Theorem 4. RPLG2(Pri) = RE

Proof. We use the notations from the previous proof. Starting from the system
IT constructed in the proof of theorem [3] we construct the following rewriting P
system with global rules:

II' = (V,T,u,L1,Ls, R = R} U RS, p} U ps), where

R} = Ry, with the rules Y; — Y and Y/ — Y changed to
si:Y; = Y(in) and s; : Y/ — Y (in), respectively,

pr=prU{ti >y, ti >0l ti > py, ti > p), ti >, ti > py,
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8i > Ty, 8> T, 8> pj, 8i > Dy, 8> Py, Si > Py,

sy > 1y, 8> 15, 8> pj, s; >, s> i, s; > py | forall i, Y},
Ry =RyU{py : Y — Y(out)},
py = p2U{py >, py >1j, py >pi | i >0}

The idea of the construction is the following: one can see that all the rules
from R}, with the exception of E — A(out) and r,, : @« — «, have the target
indication (in), so they cannot be applied in membrane 2. The additional prior-
ities added to p} make sure that no rule from R) will be applied in membrane 1
(the rules from R} have priority and always a rule from R} can be applied: that
is 7o) (the only exception to this is the rule py that can be applied in membrane
1, but when it is applied it sends out a string containing F, so that string will
not contribute to the language, thus the language is unchanged).

The only change in the rewriting rules was to introduce the target indication
(in) to the rules Y; — Y and Y/ — Y, but introducing this we had to add also the
rule py : Y — Y to R). As we can see this doesn’t change the language generated
by the system, so because the rules R} can only be applied in membrane 1 and the
rules from R), in membrane 2 using the previous proof we get that L(II") = L(G),
which means that RE C RPLGy(Pri). O

5 Final Remarks

We have considered rewriting and splicing P systems with global rules and we
have proved that this restriction does not decrease the generative power: char-
acterizations of recursively enumerable languages are obtained also in this case,
likewise to the case of systems with local rules (that is, rules associated with
each membrane). This partially solves a problem formulated in [§]. The case
of P systems of other types (for instance, using symbol-objects) remains to be
investigated.

References

1. J. Dassow, Gh. Paun, Regulated Rewriting in Formal Language Theory, Springer-
Verlag, Berlin, 1989.

2. P. Frisco, Membrane computing based on splicing: improvements, Pre-proc. Work-
shop on Multiset Processing, Curtea de Arges, Romania, TR 140, CDMTCS, Univ.
Auckland, 2000, 100-111.

3. T. Head, Formal language theory and DNA: an analysis of the generative capacity
of specific recombinant behaviors, Bull. Math. Biology, 49 (1987), 737-759.

4. T. Head, Aqueous computations as membrane computations, submitted, 2001.

5. A. Paun, Controlled H systems of small radius, Fundamenta Informaticae, 31, 2
(1997), 185 — 193.

6. A. Paun, M. Paun, On the membrane computing based on splicing, Where Math-
ematics, Computer Science, Linguistics and Biology Meet (C. Martin-Vide, V. Mi-
trana, Eds.), Kluwer, Dordrecht, 2001, 409-422.



7.

8.

On P Systems with Global Rules 339

Gh. Paun, Computing with membranes, J. of Computer and System Sciences, 61,
1 (2000), 108-143.

Gh. P3un, Computing with membranes (P systems): Twenty six research top-
ics, Auckland University, CDMTCS Report No 119, 2000 (www.cs.auckland.ac.nz/
CDMTCS).

Gh. Paun, T. Yokomori, Membrane Computing Based on Splicing, Preliminary Proc.
of Fifth Intern. Meeting on DNA Based Computers (E. Winfree, D. Gifford, eds.),
MIT, June 1999, 213-227.



Computing with Membranes:
Variants with an Enhanced Membrane Handling

Maurice Margenstern®, Carlos Martin-Vide?, and Gheorghe P&un?

! Université de Metz, LITA, UFR MIM
Ile du Saulcy, 57045 Metz Cedex, France
margens@lita.univ-metz.fr
2 Research Group in Mathematical Linguistics
Rovira i Virgili University
P1. Imperial Tarraco 1, 43005 Tarragona, Spain
cmv@astor.urv.es
3 Institute of Mathematics of the Romanian Academy
PO Box 1-764, 70700 Bucuresti, Romania
gpaun@imar.ro

Abstract. Membrane computing is a recently introduced (very general)
computing framework which abstracts from the way the living cells pro-
cess chemical compounds in their compartmental structure. Many vari-
ants considered in the literature are computationally universal and/or
able to solve NP-complete problems in polynomial (even linear) time —
of course, by making use of an exponential working space created in a
natural way (for instance, by membrane division).

In the present paper we propose a general class of membrane systems,
where besides rules for objects evolution (the objects are described by
strings over a finite alphabet), there are rules for moving objects from a
compartment to another one (this is done conditionally, depending on
the strings contents), and for handling membranes. Especially this lat-
ter feature is important (and new in many respects), because it makes
possible to interpret several DNA computing experiments as membrane
computations. Specifically, rules for dividing membranes (with the con-
tents replicated or separated according to a given property of strings),
creating, merging, or dissolving them are considered. Some of these vari-
ants generalize certain previous variants of membrane systems, for the
new variants we investigate their power and computational efficiency (as
expected, universality results, as well as polynomial solutions of NP-
complete problems are found; the latter case is illustrated with the SAT
problem).

Due to space restrictions, the paper is a preliminary, partially formalized
one; more mathematical details are given in the appendices available at
http://bioinformatics.bio.disco.unimib.it/psystems, where also
current information about the membrane computing area can be found.

1 Introduction: The Basic Idea

The membrane systems — they are also called P systems — were introduced
(in [I1]) as a possible answer to the question whether or not the frequent state-
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ments (see, e.g., [3I10]) that the processes which take place in a living cell are
“computations,” that “the alive cells are computers,” are just metaphors, or a
formal computing device can be abstracted from the cell functioning. As we will
see below, the answer turned out to be affirmative.

Three are the fundamental features of living cells which are basic to P sys-
tems: (1) the complex compartmentation by means of a membrane structure,
where (2) sets (or multisets) of chemical compounds (we call them, in general,
objects) evolve according to prescribed (3) rules.

A membrane structure is a hierarchical arrangement of membranes, all of
them placed in a main membrane, called the skin membrane. This one delim-
its the system from its environment. The membranes should be understood as
three-dimensional vesicles, but a suggestive pictorial representation is by means
of planar Euler-Venn diagrams (see Figure 1). Each membrane is labeled and
it precisely identifies a region, the space between it and all the directly inner
membranes, if any exists. A membrane without any membrane inside is said to
be elementary. Mathematically, a membrane structure can be represented by a
string of labeled matching parentheses. For instance, the structure from Figure
1 is represented by [1[2 ]2[3 ]3[4[5 ]5[6[8 ]8[9 ]9]6[7 ]7]4]1'

In the regions of a membrane structure we place objects. In this paper, the
objects are described by strings of symbols over a given finite alphabet and we do
not count their multiplicities (we work with sets, not with multisets: as a possible
interpretation, think about objects represented by DNA molecules, which can
be present in any number of copies we need, produced by amplification).

skin elementary membrane

membranes
/
regions

environment environment

Fig. 1. A membrane structure.

The objects evolve by means of given rules, which are associated with the
regions (the intuition is that the rules correspond to chemical reactions and
each region has specific conditions, hence the rules from a region cannot neces-
sarily act also elsewhere). These rules specify both object transformation (for
instance, by rewriting symbols from the string-objects, by splicing them, etc) and
object transfer from a region to another one. The passing of an object through
a membrane is called communication. The communication of strings through
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membranes can also be controlled by the structure of the strings; for instance, a
string can exit a given membrane only if it contains a specified substring. Such
variants were considered in [2].

The rules are used in a nondeterministic maximally parallel manner: the
objects to evolve and the rules to be applied to them are chosen in a non-
deterministic way, but no object which can evolve at a given step may remain
unchanged. Each string-object is processed by only one rule (the strings evolve
in parallel, but the rewriting of each of them means using only one rule).

Other features can be introduced, such as the possibility to control the mem-
brane thickness/permeability, or a priority relation among rules, but here we do
not consider such features.

The membrane structure together with the objects and the evolution rules
present in its regions constitute a P system. The membrane structure and the
objects define a configuration of a given system. By using the rules as suggested
above, we can define transitions among configurations. A sequence of transitions
is called a computation. We accept as successful computations only the halting
ones, those which reach a configuration where no further rule can be applied.

With a successful computation we can associate a result, for instance, by
considering the objects which leave the system during the computation. More
precisely, we can use a P system for solving three types of tasks: as a generative
device (start from an initial configuration and collect all strings which describe
the objects which have left the system during all successful computations), as a
computing device (start with some input placed in an initial configuration and
read the output at the end of a successful computation, by considering the objects
which have left the system), and as a decidability device (introduce a problem in
an initial configuration and wait for the answer in a specified number of steps).
In all cases, instead of “reading” the result outside the system we can consider
a given output membrane and consider as the result its contents at the end of a
computation.

Among the numerous variants of P systems already considered in the lit-
erature, many are computationally universal (they can compute exactly what
Turing machines can compute), while many can solve NP-complete problems in
polynomial (often, linear) time, by making use of an exponential workspace.

2 Handling the Membranes

So far, two main ideas were used in order to generate an exponential workspace,
both of them of a biochemical inspiration: dividing membranes [T2] and replicat-
ing string-objects [5]. A combination of them is based on creating membranes
from symbol-objects, as in [7], and providing rules only for increasing the number
of objects.

Sugestively, but not completely formalized, a rule for dividing membranes is
of the form [, |, — [, ],[, ],, with the meaning that the membrane with the
label ¢ is divided into two copies, each one inheriting the contents of the former
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membrane (both the objects and the membranes placed in the initial copy of
membrane i are replicated in the two new copies of membrane 7).

Similarly, a rule for creating a membrane [7] is of the form a — [.b],, with
the meaning that the object a creates a membrane with label ¢, which contains
the object b (because we know the label of the membrane, we also know the
evolution rules which are associated with it).

A powerful, related, idea was recently considered in [6], where rules of the
form [,a1as...a,], — [,a1],[,a2], ... [,an], were used: membrane i is replicated
in as many copies as many symbols exist in the string ajas ... ay.

Actually, Head’s paper [0] is one of the main incentives for the present work:
with the goal of formulating in terms of membrane computations several actual
DNA computing experiments, Head has considered a variant of P systems with
an enhanced membrane handling, including the possibility of creating, dividing,
dissolving, and (this is an entirely new idea) merging membranes.

3 A General Class of P Systems

We consider here a general class of P systems, where rules of three types are
used: for ewvolving the string-objects, for communicating objects through mem-
branes, and for handling membranes. At each step of a computation, we first use
the object evolution rules, in the nondeterministic, maximally parallel manner
usual in P systems, then we use the communication rules (the objects which can
be moved from a region to another one are moved), and then we process the
membranes. The cycle is iterated.

The evolution rules will be context-free rewriting rules of the form a — w:
the symbol a is replaced by the string u. Because this might be of interest (and
biologically motivated), we may impose to use a rule as above only for rewriting
the symbol a in the leftmost or the rightmost position of a string, which is
indicated by writing @ —pref U, a —suf u, respectively. When no indication is
given, no restriction on the place of the rewritten a is imposed.

For the communication rules we follow the idea of [2], namely we consider
predicates associated with each membrane and telling when a string can exit the
membrane or can go into an inner membrane. These predicates can be defined
according to the structure of a string, taking into account its prefixes, suffixes,
subwords, or the symbols appearing in it. We do not enter here into details,
because [2] provides a systematic examination of such variants and of their in-
fluence on the power of P systems. We only mention the important fact that
using rewriting rules without pref/suf restrictions and various combinations of
communication predicates, we get computational universality, even for systems
with a reduced number of membranes — see [2].

In what concerns the rules for membrane handling, the main topic of our
paper, we can consider at least the following possibilities (when specifying the
system, besides the alphabet, the initial membrane structure and the objects
present in its regions, we also give sets of rules associated with all possible
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membranes; thus, the labels of new membranes precisely identify the rules cor-
responding to these membranes):

— Merge: the fact that two membranes, with labels ¢ and j, can be merged
into a single membrane, with label k, providing that they contain the sets
of objects M;, Mj, respectively, is indicated by [M;];[;M;]; — [, ],. The
contents of the former membranes (objects and inner membranes included)
are put together in the new membrane. Of course, in order to perform a
merging operation, the two membranes must be adjacent.

— Divide: a membrane ¢, containing the set of objects M, can be divided into
two new membranes by a rule [ M], — [, ] [, ], the contents of the former
membrane is reproduced in the two new membranes.

— Separate: if we want not to replicate the contents of a membrane, but to
separate its objects according to a given property m, we can use a rule [2 ]2 —
[;7];[,77] - The objects which have the property m are placed in membrane
7, the objects which do not have property m are placed in membrane k.

— Create: we can also separate the objects of a membrane in such a way that
the objects with the property 7 are put into a new membrane created inside
it, by using rules of the form [, ], — [,[,;7];=7];; the objects which do not
have property m remain outside the new membrane.

— Dissolve: a membrane can be dissolved when it contains a given set of objects,
by a rule of the form [,M], — M, or when it is empty. In the first case, the
contents of the dissolved membrane remains free in the membrane which

surrounds it. The skin membrane cannot be dissolved.

The previous rules were formulated for any type of membranes, but they are
natural (and mathematically elegant) for elementary membranes. In particular,
the skin membrane should be handled with care; for instance, by a division or a
separation operation, we can duplicate the system itself. From a computational
point of view, this does not make much sense (we have to change the definition
of the computation, of its result, etc), but from other points of view, such as the
replication of a system, this can be of a central interest.

In this paper, all operations are allowed only for elementary membranes.

In the same way as each string-object is processed at each step by only one
rule (the strings which cannot be rewritten are passed unchanged to the next
configuration), also the membranes are processed by at most one rule each: if
there are some rules which can be applied to a membrane, then one of them is
nondeterministically chosen and applied, but if no rule can be applied to a given
membrane, then it remains unchanged.

4 The Computing Power

From the above (informal) discussion, the reader can realize that our class of P
systems is rather general and powerful. First, it contains the variants considered
in [2], where only rewriting and communication rules are used, and several uni-
versality results were obtained. Second, most of the operations considered in [6]
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are captured in our model, so that some of the experiments discussed by Head
can also be formalized in the present context. (In this way, the aqueous compu-
tations performed by Head and his collaborators can be considered as a sort of
membrane computations avant la lettre.) Third, even the test tube “program-
ming language” of Lipton-Adleman, [8l[1], is covered by the membrane handling
rules considered here.

With respect to the last two statements, it is worth mentioning also the
differences between the membrane formalism and the other mentioned ones.
A membrane structure is more complex than a “test tube desk,” because of
the hierarchical structure of membranes, while the versatility of the model is
much larger. Consider, for instance, the communication among compartments,
which can be done at the level of each object. Then, the membrane formalism is
specially designed to define “one macro-pot self-running” computations, in the
Turing sense (an input-output function is computed), in a parallel, distributed
manner. This makes possible the precise classification of variants of membrane
systems and the mathematical comparison of their computing power with Turing
machines and their variants.

We will examine here the power of some variants which were not considered
before. Specifically, we will not use any communication rules, but only evolution
rules and membrane handling rules. Because we cannot send strings out of the
system, the result of a computation will be the set of terminal strings (that is,
strings over a specified terminal alphabet) present at the end of a computation
in a specified output membrane. The family of languages computed in this way
by systems with at most n membranes present in any configuration, out of m
possible types of membranes, using, for instance, the operations of creating and
dissolving membranes, is denoted by LP, /,, (create, dissolve, mode), where mode
is any when the rewriting can be done in any place, or pref-suf when only the first
or the last symbol of a string can be rewritten. When m above is not bounded
in advance, we replace it with *. Of course, the mathematical challenge (also of
interest from a practical point of view) is to find combinations of operations as
reduced as possible, but such that the generated family is as large as possible.

We mention here three results about such families. RE denotes the family
of recursively enumerable languages, those recognized by Turing machines (the
reader is assumed familiar with basic elements of formal language theory, as
available in many monographs; in particular, the introductory chapters of [4]
and [13] can be used).

Theorem 1. RE = LP;,,(create, dissolve, pref-suf) = LPy,(create, dissolve,
any) = LPs,9(create, separate, dissolve, any).

The proof of the first equality starts from a Chomsky type-0 grammar G
in the Kuroda normal form and constructs a P system which simulates the
derivations of G by using the “rotate-and-simulate” technique, much used in the
H systems area, while the other two equalities are based on the characterization
of recursively enumerable languages by means of the so-called matrix grammars
with appearance checking (in the binary normal form).
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In order to let the reader having an idea about these proofs and also having
an example of a P system at work, we give here the proof for the last equality.

Consider a matrix grammar G = (N, T, S, M, F), with N = Ny UN,U{S, #}
and the matrices in M of the form m; : (X — o, A — u), for X € Nj,a €
Ny U{A}, A € Nayu € (N2 UT)*, or of the form (X — Y, A — #), for XY €
Ny, A € Ny; also an initial matrix (S — X A) is used. Assume that we have k
matrices of the first type (with rules not used in the appearance checking mode).
As recently proved, it is possible to assume that only two symbols, B(Y), B(2)
are used in appearance checking rules, BU) — # j =1,2.

We construct the P system Il with the total alphabet

VZNUTU{Ci | 1 Sigk’}U{dl,dg,e,f,Z},

the terminal alphabet T, one initial membrane, with label s (from “skin”)
and containing the strings X, eA, for (S — X A) being the initial matrix of
G, and the following sets of rules (associated with membranes labeled with
5,0,1,2,3,4,5,31,32):
R : [, ], — [,[oA is a subword] A is not a subword] _,
[, ], = [,[5A is a subword] /A is not a subword] ;
Ry : X — Y,
A — cju, for each matrix m; : (X - Y, A —u) € M,
X —=alf,
A — c;u, for each matrix m; : (X — X\, A — u) with a terminal v,
B — Z, for all B € N»,
[o 1o — [1¢i is a subword], [,¢; is not a subword],,
X — d;Y, for (X —Y,BY) — #),j=1,2,
e — dje, for j =1,2,
[o ]o = [3,d; is a subword] 5, ,d; is not a subword] ;,j = 1,2,
[oflo = f

e — A

Ry ¢ — N 1<i<k,
B — Z, for all B € No,
[,Y], =Y, forallY € Ny;
Ry :¢; > 7Z, 1<i<k,
di— 7, j=1,2,
B — Z, for all B € No;
Rsz; @ dj — A,
[3; 13; = [5;[3Y is a subword],Y is not a subword],,

[3jY] 35 Y,
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BY — Z forj=1,2:
Rs : [BY]3—>Y;
Ry : ¢, — 7, 1<i<k,

d = Z, j=1,2,

B — Z, for all B € No;
Rs = 0.

Membrane 5 is the output one. At any moment, we have exactly two strings in
the system, one derived from the axiom X and one derived from the axiom eA,
for (S — X A) the initial matrix of G. The strings derived from X are used for
controlling the rewriting of the “main string,” that derived from eA and which
will lead to a terminal string of L(G). Membranes 1 and 2 are used for simulating
matrices m; without appearance checking rules, while membranes with labels 31,
32, together with membranes 3 and 4, are used for simulating the matrices with
appearance checking rules.

At each step, all strings of the skin membrane can be enclosed in a membrane
with label 0. In this membrane, each string can be rewritten. Assume that X is
replaced by ¢;Y corresponding to a matrix m; : (X — Y, A — u), but the string
ew present at the same time in membrane 0 is not rewritten by the corresponding
rule A — c;u. A separation is performed, according to the presence of ¢; or d;
all strings which arrive in membranes 2 or 4 will introduce the trap-symbol Z
and remain here forever (these membranes dissolve if they contain no string). If
both strings arrive in membrane 1, at the first step the symbols ¢; are removed,
then the membrane is dissolved, hence we return to the skin membrane with the
strings Y, ew’, which represent the correct simulation of the matrix m;.

If we use the rules X — d;Y, e — dje, then we can simulate the matrix (X —
Y, BY) — #): the two strings should be both present in membrane 3j, where
both symbols d; are removed; because of the string Y, we can create a membrane
with label 3, where we send the string Y; at the next step, this membrane is
dissolved and at the same time either no rule can be used in membrane 3j, or
the rule BY) — Z is used, providing that B\ is present. At the next step,
also membrane 3j is dissolved, because of the string Y. We return to the skin
membrane with a correct simulation of the matrix.

The process can be iterated. At any moment, in membrane 0 we can also re-
move the symbol e, which makes impossible the simulation of appearance check-
ing matrices. We can continue with simulating matrices without appearance
checking. If the symbol f is produced, then no further simulation is possible. If
we create again a membrane 0, it can only be dissolved by the rule [, f], — f.
At any moment we can also create a membrane with label 5, where all strings
are sent. If such strings are not terminal, then they are not accepted in the gen-
erated language. If they are terminal, then they correspond to strings generated
by G. Consequently, IT exactly generated the strings in the language L(G).

Because we use membranes of nine types, but at most three are simultane-
ously present in the system, we have the equality L P39 (create, separate, dissolve,
any) = RE.
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We do not know whether the results in Theorem[I] are optimal in the number
of used membranes; in particular, we believe that the total number of membranes
used in the first two equalities can be bounded, but we do not have a proof of
this assertion. Also, further combinations of allowed rules must be considered.

5 Solving SAT in Linear Time

The computing power is of a clear mathematical interest (for instance, if we
want to have universal — hence programmable — computing devices), but of a
“practical” importance is the efficiency of computing models, in the sense of the
time complexity of computations. Making use of the space provided by dividing
membranes (and replicating their contents), P systems as above can solve NP-
complete problems in a linear time. This is the case with SAT: consider m clauses
C;, involving n variables aq, ..., a,, and let us construct the P system with the
initial membrane structure

[ P P 1 ' PIRERN Py o

with the strings a;, d; placed in membrane 0; consider also the following rules:
[odilo = [y Jialio Jiy L <8 <im,

a; — tia;41,

d; — di4+1, in membrane 11,1 <1 < n,

a; — fiaiy1,

d; — di4+1, in membrane 2,1 <17 < n,

lldiJrl]ll[lei‘Fl]iQ - [0 ]071 S 1 S n— 17

n1dnt1] = dnta,

W], — []Zw, if w satisfies C;,1 < i <m,

[

[

[p2dn+1] 0 = dnia,

[;

[w], = [, ]w, forall w.

By division (and replication) and making use of membranes i1, 2, for 1 < i < n,
in membrane 0 one generates all truth-assignments in the form of strings w €
{ti, fi | 1 < i < n}* of length n (this takes 3n steps); when this operation is
completed and membranes nl,n2 are dissolved (the task of counting to n and to
dissolve membranes nl,n2 is covered by the counters d;,1 < i < n+ 1), truth-
assignments can pass through membranes providing that they satisfy the clauses
associated with membranes (m more steps). In this way, in 3n+ m + 1 steps we
get a string outside the system if and only if the set of clauses is satisfiable.

The communication rules can be avoided in the following way. Start from
only one membrane inside the skin, membrane 0 as above, but with the objects
ta1, dy inside; use the previous rules for generating the truth-assignments. After
dissolving membranes nl,n2 (hence membrane 0 is no longer created), we use
the following rules:
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[, ], — [[, w satisfies C1] otherwise] _,

S

— [S[C(Hl)w satisfies C;y1] otherwise] ..,,1 <4 <m —1,

[ci ]ci
t; — A, and
fi = A, 1 <4 <n, in the membrane with the label cm,

t] . —t,1<i<m.

c(i+1)

[ci ci

The truth-assignments which satisfy the clauses are encapsulated in inner mem-
branes which grow iteratively until producing a membrane with the label cm; in
this membrane all symbols t;, f;, 1 < i < n, are removed, which makes possible
to dissolve all membranes ¢j,1 < j < m, under the influence of the object t.
Thus, we get ¢ in the skin membrane (after 3n + 2m steps) if and only if the set
of clauses is satisfiable.

Note. Work supported by NATO Project PST.CLG.976912, and, in the case of
the third author, also by a grant of NATO Science Committee, Spain, 2000-2001.
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Abstract. This paper is part of a program of our research group, aim-
ing to implement membrane computing on electronic computers. We here
present Transition P systems, which is the preliminary steep of our ap-
proach. The formalisation we before have in mind the functional pro-
gramming framework for developing the software modules. Part of these
modules has already realised, in Haskell, and they are briefly described
in the second section of the paper.

1 Introduction

Gheorghe Paun has introduced a new computability model, of a distributed
parallel type, based on biological cells called Transition P systems. Such structure
is recursively defined, and it is composed of several membranes enclosed by a
unique skin membrane; membranes without any other membrane inside them
are said to be elementary [1]. It is easy to give a plane representation for such
a structure as Venn diagrams. Membranes delimit regions, and regions contain
objects and rules partially ordered by a priority relation. Rules are responsible
for making evolve objects of their regions, and moreover, they can change the
membrane structure of the System dissolving the membrane of its region. The P
system evolution is done in parallel, for all membranes in the system all objects
that are able to evolve (that is, having access to a rule) should use it. The only
restriction is the priority relation defined among rules in membranes.

The Membrane structure is the main component of a Transition P system.
It is a hierarchised structure uniquely labelled that can be represented as a tree

[21.
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From now on, we will describe the static structure of Transition P system
using terms of abstract data types until giving a definition of a Transition P
system in terms of them. The goal of this formalisation is to obtain a software
product to implementing/simulating a Transition P system on a usual computer.
Became we believe that a functional language (in particular, Haskell) is appro-
priate to this aim, we will look for a formalisation as close as possible to such a
framework.

We have partially realised the software program none information about them
and about its functioning is given in the second part of this paper.

We emphasise the fact that implementing P system on a digital computer is
not a goal per se, but we want to explore in this way the possibility of devising a
sort of cellular computing, starting from the way the living cells “compute.” From
this point-of-view, P system is one promising formalisation of the cell structure
and functioning. It is also attractive from computer science point of view: just
remember that many classes of P system are computationally universal and that
NP-Complete problems can be solve in this framework in polynomial, or even
lineal time, in a natural and theoretical easy manner.

2 Static Structure of Transition P Systems

The static structure of Transition P systems is related to everything concerning
to membranes, and objects to be contained in membranes. So, it is related to
multisets, evolution rules and regions. There are some relations among these
elements: multisets will be necessary for defining regions and evolution rules;
evolution rules and again multisets will define a region, and finally regions will
give the static structure definition of a Transition P system.

Therefore, it is very important to determine a data structure for defining
multisets, evolution rules and regions and the operations that can be done over
such data structures [3].

2.1 Multisets

The natural way to represent object inside a region is the multiset. The re-
gion contains a collection of different objects, so they can be represented by a
determined multiset. Let us to define more precisely a Multiset.

Let U an arbitrary set and let N the natural number set: a multiset M over
U is a mapping from U to N.

M:U—N (1)

a— Ma

Over a multiset is possible to define several operations.
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Definitions: Let M, M; and M, multisets over U, then:
Empty Multiset: Is the 0 map, that is, Va € U, 0a = 0.
Multiset Inclusion: My C Ms if and only if Va € U, (M a) < (M3 a).
Multiset Union: Va € U, (M1 U M) a = (M; a) + (M a).
Multiset Difference: Va € U, (M; — Ms2)a = (Mya) — (Mza), if My C M.
Multiset Size: Size M = ., M a.

Following definition is related to an important subset of the multiset.
Support Multiset: Supp M = {a € U|M a > 0}.

2.2 Evolution Rules

Once have formally been defined multiset, we can define evolution rules in terms
of multisets.

Evolution Rules are responsible for Transition P system evolution they make
evolve the region they are associated. An evolution rule is formed by one an-
tecedent and by one consequent. Both of them could be represented by multiset
over different sets. Moreover, an evolution rule can make disappear the external
membrane of its region, which produces some consequences in the Transition P
system. With these considerations, we can define an evolution rule as:

Let L a label set, let U an object set, and let D = {out, here} € {in j|j € L}
the set of regions which a rule can send objects. An evolution rule with label in
L and objects in U is a tern (u, v,d), where u is a multiset over U, v is a multiset
over U x D and § € {dissolve,not dissolve}.

With this evolution rules representation, it can be defined several operations
over evolution rules.

Definitions: Let r = (u,v,d), r1 = (u1,v1,01) and 19 = (uga,va,d2) evolution
rules with labels in L and objects in U. Let a € U and n a natural number.
Then:

Evolution rules add: r1 + 72 = (u1 Uug,v1 Uve,dy V da).

Product of an evolution rule by a natural number: n =" r.

Inclusion of evolution rules: 1 C,, 79 if and only if u; C,, uo.

Input of an evolution rule: Input r = u.

Dissolve: Dissolve r = 4.

Now it is necessary to define some function over evolution rules related to the
rule consequent. These functions will provide important information over what
will happen when the rule was applied.

Membrane labels set the rule is sending objects: Ins r = {j €
L|(.,inj) € Supp v}.

Evolution rule’s outputs:

(OutputToOut r)a = v(a, out)
(OutputToHere r)a = v(a, here)
((OutputTolIn j)r)a = v(a,in j)
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These last functions OutputT oOut, OutputT oHere, OutputT oln, return the
multiset that the rule is sending to his father (ToOut), to itself (ToHere) and
to a determined region (ToIn---). They will be very useful in order to define
the dynamic structure of a Transition P system.

2.3 Regions

A region is the inter-membranes space. Therefore, a region is the enclosed area by
a membrane and any inner membrane to the first one do not enclose it. Regions
in the Transition P system membranes structure are uniquely labelled in some
set L, contain objects and evolution rules with a priority relationship defining
a partial order among rules of the region. In order to define more precisely a
region:

Let L a label set and U an object set. A region with labels in L and objects
in U is a tern (I,w, (R,p)) where | € L, w is a multiset over U, R is a set of
evolution rules with labels in L and objects in U and r is a partial order relation
over R.

3 Transition P System Static Structure

Before define the Transition P system static structure, we will give some more
definitions.

Definitions:

A Tree over an arbitrary set U is a pair where the first component is an
element in U and the second one is a set of trees over U.

In this definition, the second one pair element can be the empty set, in which
case the element is a leaf.

Over trees it can be defined the multiplicity function which provides the
occurrences number of a given element a € U in the tree.

Multiplicity:

Let T = (u,S), where u € U and S is a set of trees over U, then

1+ cs(Mult s)aifa=u

(Mult T)a = {Zses(M“lt s)a  ifa /= @)

Transition P system membrane structure define a tree in which the root of
the tree is the “skin” and elemental membranes are the leaves of the tree being
U =0.

Finally, for defining a Transition P system, it is necessary to provide content
to membranes. With all given definitions, a Transition P system can be defined
as a tree of regions uniquely labelled. In a formal way:

Let L a labels set, let U an objects set. A Transition P system with label in
L and objects in U is I, being IT a tree of regions with labels in L and objects
in U provided:

Vie L, (Mult IT)(1,.,) < 2 (3)
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An alternative definition can be given: A Transition P system with labels in
L and objects in U is a pair whose first element is a region with labels in L and
objects in U and the second one is a set of Transition P systems with labels in
L and object in U, and regions are uniquely labelled.

11 = ((I,w, (R, p)), IIIT) and VI € L, (Mult I)(,_,_) < 2 (4)

Where w is a multiset over U, R is a set of evolution rules over L and U and
II11 is a set of Transition P system with labels in L and objects in U.

These algebraic representations define precisely the static structure of Tran-
sition P systems.

We have name it Static Structure because these representation do not take
into account evolution in Transition P systems, only represent Transition P
systems in a static manner.

4 Transition P System Dymanic Structure

With dynamic structure Transition P systems, we are naming everything related
to evolution. During evolution, a Transition P system is changing its region
contents in several ways. Objects are changed by evolution rules application.
Evolution rules that can be applied in a determined configuration when the P
system has evolved cannot be applied anymore, and even, a rule can dissolve the
external membrane of the region and the region disappears in the static structure
of the P system sending its objects to its father region and disappearing their
evolution rules.

Transition P system dynamic has been described in terms of parallel and
non-deterministic devices, “evolution is done in parallel for all objects able to
evolve,” “All these operations are done in parallel, for all possible applicable rule
u — v, for all occurrences of multiset u in the region associated with the rules,
for all regions at the same time” [I].

If we carefully look to Transition P system evolution, it is possible to distin-
guish between at least two different parallelism types. The first one is related to
what is happened inside a region, and the second one is related to what is hap-
pened in every region of the Transition P system. The first one is the regional
local parallelism and the second one is the system global parallelism, both of
them are involved in System evolution, they are not independent because re-
gions can disappear from the system and regions send objects to other regions;
but in some way they can be independently described.

4.1 Regional Local Parallelism

At this exposition point, we will try to show how it is possible to reduce parallel
evolution rules application in a determined region to the application of only one
rule, and how it is obtained such a rule.
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A region has been defined as a tern:
Region : (label, multiset, (Rules, Partial Order Relation)) = (I,w, (R, p)) (5)

Evolution inside the region involves objects consumption by rules, sending
objects to other regions and some times membrane dissolution and consequently
region vanishing from the System. All these things are made in parallel and the
only constrain is that a rule with higher precedence than others inhibits the
second ones.

Following definitions are very important in order to exactly define rules that
can be applied in the region in order to make evolve the region.

Definitions:

Maximal Set: Let (U, <) a partial order over U, then:

MazimalU ={ue U] Ave U,u < v} ={u|(ue U)A(=(u<)} (6)

Useful Rules: An evolution rule in a rules set is useful over a given labels
set L if and only if the I'nsr is included in L. In a more formal way:
Let R an evolution rule set with labels in L and objects in U. Let L' € L.

(Useful R)L' = {r € RlInsr C L'} ={r|(r€e R)A(Insr C L)} (7)

By Transition P system definition, objects sent by rules can pass through
one membrane. Therefore, a rule can send objects only to regions separate only
by one membrane. In order to calculate useful rules in a region, L’ is the label
set constituted by labels corresponding to adjacent regions to the first one.

Applicable Rules: A rule is applicable over a multiset w if and only if its
antecedent is included in w. Let R an evolution rules set with labels in L and
objects in U. Let w a multiset over U.

(Applicable R)w = {r € R|Inputr C w} = {r|(r € R) A (Inputr Cw)} (8)

Therefore, a rule is applicable in a region if and only if the rule antecedent
is included in the multiset the region has. In addition, only applicable rules can
be used in a determined evolution step of Transition P systems.

Active Rules: A rule r, in a rules set is active over a partial order rela-
tionship defined over R if and only if there is not any rule in R higher than
r according to the partial order relationship. Therefore, actives rules are those
belonging to the maximal set definition given above.

Let (R, p) a partial order relation defined over an evolution rules set R with
labels in L and objects in U, then:

(Active R)p = (Maximal R)p 9)

Adjacent regions to a region: Let reg a region of a Transition P system
P with labels in L and object in U. Let (reg, ITIT) the sub-tree of P with root
in reg. Let us define adjacent region in P to reg as:

ADJACENTg reg = {r|(r, IIII") € 1T} = {r|(r, ) € ITIT} (10)
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Rules able to make evolve the region: With these definitions, it is possi-
ble exactly determine evolution rules that can be applied in order to make evolve
the region reg. By definition, they are those rules satisfying following equations:

L'={leL|(l,--) € ADJACENTy reg}
Active(Applicable((Useful R)L")w)p (11)

Traditional description of Transition P system dynamic describes evolution
in a region in terms of every rule satisfying ([T) can be applied in parallel “for
all occurrences of rule antecedent multiset, for all regions at the same time” [1].
What this sentence is telling us in terms of operations defined among rules is
the following: We must search for a lineal combination of rules satisfying ([T
being complete; that is no one more rule satisfying (Il) can be added to it.

Application of two rules 1, 72 € R at the same evolution region step, in
parallel, is equivalent to applying the rule 1 + r5. In the same sense, we can say
that applying n times the same rule in parallel has the same effect that applying
the rule defined by nr.

So, parallel rules application inside a region can be solved by a lineal combi-
nation of region evolution rules. Moreover, such a lineal combination of evolution
rules can be represented as a multiset over R, the set of evolution rules of the
region.

Finally, the region evolve in only one step by application of only one rule
formed by a complete lineal combination of evolution rules in R satisfying (ITI).

5 Non-deterministic Evolution in a Transition P System

Until now, we have provide an exact definition of rules can be applied in order to
make evolve a region in one evolution step of a Transition P system. Moreover,
parallel rules execution inside region can be replaced by the execution of only one
rule. Then, where is the non-deterministic evolution in the region? Of course,
more than one complete multiset over R (region evolution rules set) can be
obtained for making evolve the region.

Now several definitions over multiset of evolution rules will be given in order
to obtain an expression for identifying complete multisets of evolution rules in
the region.

Definitions: Let R an evolution rules set with labels in L and objects in U.
Let MR, M Ry and M Ry multisets over R and let w a multiset over U.

MultiAdd:This operation performs the transformation of a multiset of evo-
lution rules in a lineal combination of evolution rules. From now on, we will
keep in mind this equivalence between lineal combinations of evolution rules and
multiset of evolution rules.

®MR =Y (MRr)r (12)
reER
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Multilnclusion,: This binary relationship defines a partial order relation
over multiset over R. It will be very useful in order to determine which multiset
over R will be completes.

MRy T, MRy = (6MRy) Cy (BMRy) (13)

MultiApplicable:This is the set of multiset over R (evolution rules set)
that can be applied over w.

(MultiApplicable R)w = MR|(MR: R — N) A ((Input (®MR)) Cw) (14)
MultiComplete:
(Multicomplete R)w = (Mazimal((MultiApplicable R)w)) T, (15)

The above expression describes the set of complete multisets over (R,C,,)
and w.

Finally, let P a Transition P system with labels in L and objects in U, let
reg = (I,w, (R, p)) one region of P and let (reg, ITIT) the sub-tree of P which
root is reg. The set of complete rules multiset is defined by following equations:

LABELS =1l¢ L|((l,_,.),.) € IIII (16)

ACTIVES = Active(Applicable((Useful R)LABELS)w)p (17)
COMPLETES = (Multicomplete ACTIVES)w (18)

The LABELS set defines the set of adjacent regions’labels to region reg.

The ACTIV ES set defines the set of evolution rules that can be applied in
order to make the region evolves.

The COM PLETES set defines the set of complete multisets over R (the set
of the region evolution rules) capable of making evolve the region in one step
by application of one and only one evolution rule. Therefore, there are as many
different possibilities for the region evolution as elements COM PLETES has. A
non-deterministic election of a multiset in COM PLETES is enough for having
non-deterministic evolution in the region.

Once has been formally stated the local non-determinism, it is possible to
describe the global non-deterministic parallelism in a Transition P system in
terms of regional local non-deterministic parallelism. That is, lets evolve inde-
pendently every Transition P system region applying one of the COMPLETES
multiset in each one and non-deterministic election of a COM PLET E S multiset
in each region will provide parallel non-deterministic evolution for the Transition
P system.

6 Towards a Software System

Based on this formalism, we are developing a set of software modules in order
to implement Transition P systems in a digital computer.
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The Software System has two different kinds of modules, the first one related
to algebraic structures, and the second one related to Transition P systems
architecture.

Modules included in the algebraic structures are tuples, set, multiset and
relationships. Included in the P system architecture we can find modules of
directions, rules, regions and transition P system.

Functional dependencies among modules are shown in Figure[ll.

‘Tuples‘ ‘ Sets ‘ lMultiSets{*

Algebraic
MODULES

Relationships

T
Rules }«

. Transition
Regions }47_
P system

P sysrem Architecture
MODULES

Fig.1. One

7 Conclusions

This paper addresses the formalisation problem of Dynamic Structure of Tran-
sition P systems and the problem has been solved in a way chosen to be very
close to functional programming style. We hope that these results can be trans-
lated to a functional programming language in order to develop a simulation of
Transition P system in a digital computer. Part of this translation has started
— some details are given in the end of the paper. Two continuation of this work
are obvious, and we work on them:

— Complete the “Biosoftware” and to check its performances

— Add to the starting systems new features, such as membrane dissolution or
membrane creation, in order to make possible to handle, theoretically, hard
problems in a feasible time.
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Abstract. New computability models, called P systems, based on the
evolution of objects in a membrane structure were recently introduced.
This paper presents a new variant of P systems with string objects having
insertion-deletion rules as the control structure. The use of this control
structure is motivated from the DNA Computing area where insertions
and deletions of small strands of DNA happen frequently in all types of
cells and constitute also one of the methods used by some viri to infect
a host. We investigate here the power of this type of systems with less
than four membranes, in comparison with the families of CF, M AT and
RE.

1 Introduction

P Systems were recently introduced as distributed computing models. In his
seminal paper [4], Gh. Pdun considers systems based on a hierarchically arranged
finite cell structure consisting of several cell like membranes embedded in a main
membrane called skin. A membrane structure corresponds to a string of correctly
matching parantheses [, ], with a matching pair at the ends. Each matching pair
[, ], of parantheses appearing in a membrane structure is called a membrane.
A membrane having no membranes embedded within it is called an elementary
membrane. The closed space delimited by any two membranes is called a region.
The number of membranes in a membrane structure p is called the degree of u.
The depth of a membrane structure p denoted by dep(u) is defined recurrently
as follows:

1. If w =[], then, dep(n) = 1;
2. If o = [u1... ], then dep(u) = max{dep(p;) | 1 < i < n} + 1, where
1, i, are membrane structures embedded within pu.

The membranes delimit regions, where objects, elements of a finite alphabet
V' are placed. The objects evolve according to given evolution rules associated
to a region; they contain symbols as (a, here), (a, out) or (a,in;) where a is an
object. The meanings of the targets are : here indicates that the object remains
in the membrane where it was produced; out means that the object is sent out
of the membrane in which it was produced; in; means that the object is sent to
membrane ¢ if it is reachable from the region where the rule is applied, if not

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 360-370] 2002.
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the rule is not applied. An evolution rule involving the symbol § can destroy
the membrane in which it is. In this case, all the objects of the destroyed mem-
brane pass to the immediately superior one and they evolve according to this
membrane’s evolution rules. The rules of the dissolved cell are lost. The skin
membrane cannot be dissolved.

elementary membrane

.
g

skin —»

region Z

™\

—

Figure 1: A membrane structure.

membrane

The membranes delimit regions, where objects, elements of a finite alphabet
V' are placed. The objects evolve according to given evolution rules associated
to a region; they contain symbols as (a, here), (a, out) or (a,in;) where a is an
object. The meanings of the targets are : here indicates that the object remains
in the membrane where it was produced; out means that the object is sent
out of the membrane in which it was produced; in; means that the object is
sent to membrane ¢ if it is reachable from the region where the rule is applied,
if not the rule is not applied. An evolution rule involving the symbol § can
destroy the membrane in which it is. In this case, all the objects of the destroyed
membrane pass to the immediately superior one and they evolve according to
this membrane’s evolution rules. The rules of the dissolved cell are lost. The skin
membrane cannot be dissolved.

Such a system evolves in parallel : at each step, all objects which can evolve
should do so. A computation starts from an initial configuration of the system,
defined by a cell structure with objects and evolution rules in each cell, and
terminates when no further rule can be applied. The result of a computation
consists of the multiplicity of objects present in a designated output membrane
in a halting configuration.

Insertions and deletions of small linear DNA strands into long linear DNA
strands are phenomena that happen frequently in nature and thus constitute an
attractive paradigm for biomolecular computing. Insertion or deletion of short
subsequences can be performed by using annealing of partially matching DNA
strands. These operations with context dependence are also encountered in ge-
netic area and were theoretically described in [3]. A model of DNA computation
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based on insertions and deletions that could be implemented in the laboratory by
using a technique called PCR site-specific oligonucleotide mutagenesis has been
proposed in [2J3]. In this paper, we relate the idea of computing with membranes
with another important natural computing area, DNA Computing. Specifically,
we consider P systems with objects in the form of strings and with evolution
rules based on the insertion-deletion operation considered in [5]. Insertions and
deletions of DNA strands depends on certain environmental conditions; to de-
scribe this action of nature, one has to provide different sets of insertion-deletion
rules corresponding to different circumstances, with the assumption that at each
moment these operations take place on different DNA strands. With this moti-
vation, strings and insertion-deletion rules are localized to various regions; each
of these strings are then rewritten by applying suitable insertion-deletion rules.

It is known that the insertion-deletion operation is powerful- see [2]. This
observation is confirmed here : P systems based on insertion-deletion characterize
the family of recursively enumerable languages. Moreover, very simple systems
are enough : we need systems with only four membranes arranged in a four
level structure. Insertion-deletion P systems with two membranes can generate
CF; three membranes arranged in a two level structure are sufficient to generate
non-context-free languages; four membranes arranged in a two level structure can
generate M AT and four membranes arranged in a three level structure generate
languages outside M AT .

2 Some Language Theory Prerequisites

In this section, we introduce some formal language theory notions which will be
used in this paper; for further details, we refer to [6]. For an alphabet V', we
denote by V* the set of all strings over V', including the empty one, denoted by
A. By CF, RE we denote the families of context-free and recursively enumerable
languages respectively, while M AT denotes the family of languages generated
by matrix grammars without appearance checking.

A context-free grammar G = (N, T, S, P) is said to be in the Chomsky normal
form if the rules in P are of the form X — Y7, X — x,where X,Y, Z € N,z € T.

A type-0 grammar G = (N, T, S, P) is said to be in Penttonen normal form
if the rules in P are of the following three forms:

1. X — ajae, for ag, 9 € NUT such that X /=1, X /=g, a1 /=0
2. X = A
3. XY - XZ, for X,Y,Z € N such that X /&, X /=2)Y /=Z

It is known that for every context-free grammar G; and type-0 grammar G,
there exist equivalent grammars G} and G5 in the Chomsky normal form and
Penttonen normal form respectively.

A matrix grammar without appearance checking is a construct G = (N, T, S,
M) where N, T are disjoint alphabets, S € N is the start symbol, M is a finite
set of sequences of the form (41 — z1,..., 4, — x,),n > 1, of context-free
rules over NUT with A; € N,z; € (NUT)*. We say that N is the non terminal
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alphabet, T is the terminal alphabet, while the elements of M are called matrices.
The rules of any matrix are applied in the order in which they appear. The family
of languages generated by G is defined by L(G) = {w € T* | S =" w}.

A matrix grammar without appearance checking is said to be in binary nor-
mal form if N = N3 U N2 U{S}, with these three sets mutually disjoint, and the
matrices in M are of the following forms:

1. (8 — XA),
2. (X —Y,A—ux),
3. (X —MNA— 1)

where X, Y € Ny, A € No, xz € (NoUT)*, 2" € T* and |z, |2'] < 2. S0, x = ajae
for aq, 2 € No UT U {A} in matrices of types 2, and in matrices of type 3, 2’ is
a string of length two or less over 1. There is exactly one matrix of type 1 and
a matrix of type 3 is used only once, at the last step of a derivation.

3 P Systems with Insertion-Deletion Rules

We refer to [TI7] for basic elements of P systems theory. Here, we introduce the
variant of P systems we are going to investigate.

Definition 1. An Insertion-deletion P system (Insdel P system) (of degree s)
18 a construct

H:(MT,,LL,Ml,MQ,...,MS,Rl,RQ,...,RS,]{J)

where V is the total alphabet of the system; T C V is the terminal or output
alphabet; p is a membrane structure consisting of s membranes; M;,1 < i < s
are finite languages over V , associated with regions i of u; Ri, Ro,..., Rs are
finite sets of developmental rules, associated with regions 1,...,s of u of the
following form:

— Insertion rules of the form ((u, \/xz,v),tar) where u,z,v € V* and tar is
one of {here,out,in;}. This means that x can be inserted in between u and
v. Then the produced string is moved to the membrane indicated by tar.

— Deletion rules of the form ((u,x/X,v),tar) where u,z,v € V*. This means
that x can be deleted from the context (u,v) and the resultant string can be
moved to the membrane indicated by tar.

k is a number between 1 and s which specifies the output membrane of II.

We say that an Insertion-Deletion P system IT is of weight (n,m;p, q) if

n = max{|8] | ((u,A/B,v), tar) € R},
m = max{|u| | ((u,\/B,v),tar) € R or (v, \/B,u),tar) € R}
p = max{|a| | ((u,a/A\,v), tar) € R}
g = max{|u| | ((v,a/\,v),tar) € R or ((v,a/\ u),tar) € R}
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The work of such a system is defined as follows : in each time unit, each string
which can be rewritten by applying rules of the above forms is rewritten; the
strings and rules are localized to regions, so the strings in a given region can
be rewritten only by rules in that region. A computation starts from an initial
configuration defined by a cell structure with strings and insertion-deletion rules
in each cell, and terminates when no more rules can be applied. Thus a sequence
of transitions form a computation and we consider as successful computations
the halting ones; (the computations which reach a configuration where no rule
can be applied to any of the strings in any of the membranes); the result of
a halting computation consists of all strings over T" which are collected in the
designated output membrane during the computation.

What is specific to our systems is the way of rewriting the strings. Specifically,
each string is rewritten in the following way : take a string w in a region 4; for
any two words x and y which appear in w, and for which there are rules of the
form ((z, A\/u,y),tar) or ((x,u/A,y),tar) in the set R;, we have to insert u or
delete u between x and y. Then the string obtained by rewriting is sent to the
membrane indicated by the target associated with the rule. If zy does not occur
as a subword in w, no insertion can take place. Similarly, the (x,y) deletion of
u from w is performed only if u occurs in w flanked by x on its leftside and by
y on its right side. Note that in each time unit, exactly two words = and y of
a string w are chosen nondeterministically and a string u is inserted or deleted
between them (by an insertion or deletion rule nondeterministically chosen). In
this way, we rewrite in parallel all strings in all membranes; each string being
processed by a single rule.

We denote by L(II) the language generated by an Insdel P system IT; the
family of languages of this type generated by systems of weight (n',m’;p’,¢),
degree s and depth ¢ such that n’ < n,m’ < m,p’ < p,¢ < ¢ is denoted
INS)'DEL}P;t, n,m,p,q,s,t > 0; when one of the parameters n,m,p,q, s,t
is not bounded, we replace it by *. Thus, the family of all insdel P languages is
INS;DELP, ..

4 The Generative Power

We now investigate the computability power of P systems with insertion-deletion
rules. We know that INS!DEL3 C CF, [f]. In the following two theorems, we
show that P systems with two membranes and weight (1,2;1,2) characterizes C'F
and systems having three membranes, depth two and weight (1,1;1,1) contain
languages outside C'F.

Theorem 1. CF C INS%DEL%P272

Proof. Let G = (N, T, S, P) be a context-free grammar in Chomsky normal form.
Define the set N’ = {B’ | B € N}. We construct the Insdel P system

= (V,T,[1[2 ]2]1,{#S}, A\, R1, Ra, 1),
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with V = NUN' UTU{Kyz,K, | 3 rules in P of the foom X — YZ X —
x} U{r,#} and the following set of rules:

Ry = {((X,\/ Kz, N\),ing) | X — 2 € PYU{((A\, X'/X\,N\), here) | X € N}
U{((\, 7/, N), here)} U{((N, #/A, A), here) }

UL((#X, 0Ky 2, \),ins) | X — YZ € P}
U{((BX, A/ Kyz,\),ine) | X = YZ e P, NUT}

Ry = {((Bvy,\/r,XKyz),here) | B,v € NUTU{#,A}}
U{({(B,\/r,XK,),here) | X —x € P, /=r}
U{((r,\/Y',Kyz),here) |Y,Z € N}

U{((Y',\/Z,Kyz),here) | Y,Z € N}

((rY',\Y,ZKyz),here) | Y,Z € N}

(YZ,Kyz/X\A),out) | Y,Z € N}

((r, X/\,Kyz),here) | X - YZ € P}

((r, X/\, K,),here) | X — x € P}

((r, Mz, K;), here) | x € T}

U{((\,r/\2K,), here) | x € T}
U{((Bz, Ky/\N),out) |z €T, /=r}

{
{
u{
{
{

The symbols Ky z and K, are markers : these symbols are inserted to the
right of nonterminals X which correspond to rules X — Y Z and X — z. After
this insertion operation, the string moves to membrane two. Here, a new symbol
r is inserted to the left of X Ky and X K. If the string contains r X K, then
we first delete X and then insert x between r and K,. After this, r is deleted.
Finally, we delete K, and the string moves back to membrane one. In case we
have rX Ky 7 in the string, first X is deleted. After this, we insert Y’ between r
and Kyz, Z between Y’ and Ky z, Y between rY’ and ZKy z and delete Ky z
from the right of YZ. After the deletion, the string moves out. In membrane
one, we delete Y’ and r. It is clear that the terminal strings remaining in the
skin at the end of a halting configuration belong to L(G). O

Theorem 2. INS{DEL}P;5 — CF /=)

In the next two theorems, we show that systems having four membranes,
depth two and weight (1,2,1,2) generates the family M AT and systems with
four membranes, depth three and weight (2,1;1,1) generate languages outside
MAT.

Theorem 3. M AT C INS’%DEL%R;Q

Proof. Let G = (N, T, S, M) be a matrix grammar in binary normal form gener-
ating the family M AT. Assume that there are n matrices labeled my, mo, ..., m,
in G. We construct the Insdel P system

II = (‘/aTv [1 [2 ]2 [3 ]3 [4 ]4 ]hMlaAv)‘a A7R171%27R3a]%47 1)
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with

V:NlUN2UTU{Ka,Ka1a2 |E| rules A*)CE,A*}CHQQ mn m;, AE N2}
U{Y;, 4i, N | Y € N1, A€ N2, 1 < i < n}
U{H,#1,#2,#/,#”,e,e/,a',a”,am | ac NQUT}

My = {#1XA#2 | (S — XA) is the initial matriz}

= {((#1,A/Yi, X), here) | the matrix m; contains the rule X — Y}
U{((#1, X/ i, X), here) | the matriz m; contains the rule X — A}
UA{((Y:, X/\, B), here), (Xi, X/A, B), here) | X, Y € N1,8 € N2 UT}
U{((Ai,\/Bi, B),in2), ((Yi,\/B;, B),in2) | Y € N1, A,B€ N, UT}

U{((\i,\/Bi, B),in2), ((Bi, \/#', ##2),ins) | B € N2 UT}

UG A/# 3t2),ina)} UL /X #7), ina)}

U{((\,B'/A, B),ins), (B, #" /X, #2),in3) | B€ N2 UT}
{((B',Bi/\,#""), here), ((B', Bi/\, B),in2) | B€ N2 UT, B # #"}
U{((af, N/ i, N),in2), (', /o, s Kaya,), here) | a1, € N2 UT}

U{((\, af" /X aah),ing) | ar,a2 € N2 UTY

{((\ /A, 0), here)} U {((X, € /X, N), here)}

Ry = {((As, A/X, B),0ut) | A€ NoUT, B € NaUT U {#2}}

U{((k,A\/A', AiB),0ut) | B # Ko, Kayay and A, a, a1, a2 € N2 UT}
U{((yA",\/B',B:@),0out) | y =k or C', 3 # Ko, Kayas

and A,B,C,a,a1,a2 € No UT}
U{((k,A/a", Kqa), here), (A", M/, Ka), here) | A,a € NoUT}
U{((A", Bi/\, Ka,), here), (A", Bi/\, Koyasy ), here) | A, B, a1, a2 € NoUT}
U{((k, Bi/\, Ka,), here), ((k, Bi/\, Kaja, ), here) | B,ai,as € N2 UT}

U{((e", Ka/X N),0ut), (N, a” /X, o' B), here) |« € N2 UT,
pe{A,Ae N UT}}
U{(\, af /X ah#7), out), (A", N o', Kayay), here) | A,ar,a2 € NoUTY
U{((k, N, Kayay), here), ((af', N ah, Kajasy),0ut) | a1, € N2 UT}
U{((ahah, Kajas /X, B), here) | an,a2 € NoUT, B # #'}
U{((ahah, Kajas /A #"),0ut) | a1,a2 € NoUT}
Rs = {((Bi, \/Ka, 3),0ut) | m; contains
B—a,BEN>:,B€{Ai|Ac NaUT}U{#'}}
U{((Bi, A/ Kajas,3),0ut) | m; contains
B — aias, BENa,fe{A;|Ac NaUT} U {#'})

U{((B',\/B,#2),0ut), (A',\/A,B),out) | A,B € N2UT}
U{((Yi, s/X, A), here), (\i, /X, A),here) | Y € Ni,Ae€ NoUT}
U{((#1,Y:/\,Y),0ut), ((Yi, \/Y, A),here) | Y € Ni,A€ NoUT}
U{((Ai; A€, A), here) | A€ N2 UT}
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U {((#1,Mi/X,€), here), ((#1€, \/€', \), here),
(N, #1/X €€'), here), ((€', #2/X, X), out)}
U{((€'B,\/€,7),here) | B € NaUT,v € N2UT U {#2}}
Ry = {((Yi, A/, Ai),out) | Y € N1, A€ Na} U{((N\i; \/k, As),out) | A€ N UT}

The symbols K, and K,,., are markers : these symbols are inserted to the
right of nonterminals A € Ny which correspond to rules A — a and A — ajas
in matrices of type 2 or 4.

In the initial configuration, we have the string #1 X A#-> in the skin where
#1,#-2 are boundary markers and X A corresponds to the matrix of type one. To
simulate the action of any matrix m;, we first insert Y; between the left boundary
marker and X corresponding to the rule X — Y. After this, X is deleted. Then,
to apply the rule for the corresponding element of N5, we proceed as follows: Us-
ing the rules {((Y;,\/B;, B),ina) | Y € N1,B € No UT}, {((Ai, \/B;, B),inz) |
A,B € Ny UT}, we index all the elements of Ny UT and the string moves to
membrane two. By these rules, we insert to the left of every element in No UT,
the corresponding indexed element. In membrane two, we retain the indexed ele-
ments and delete the element to its right. This continues till all elements of N in
the string are indexed, after which the rule {((B;, \/#', #2),in3) | B € NoUT}
is applied. In membrane three, K, or K,,q, is inserted to the right of the in-
dexed element B;, B € Ny which occurs in the second position of the matrix
m; : (X - Y,B— «a)or (X - Y,B — aja). In the skin, #” is inserted
between #’ and #s and the string moves to membrane 4. In membrane 4, we
insert k between Y; and A;, where Y € N1, A € Ny UT and the string is sent
out. Back in the skin, #’ is deleted and the string is sent to membrane two.

Now we have to replace all the indexed elements by the original ones. For
this purpose, we apply rules ((k, \/A', A;3),out), (YA', \/B’, B;(3), out),

((A', B;i/\, Ko), here), (A, Bi/\, Koya,), here) in  membrane two and
((B', Bi/\, B8),ing) in the skin. Now we shall explain how K, is rewritten by
a, the procedure being similar for K a0, We apply ((A’,\/a”, K,), here) or
((k, N\, K,), here) and then delete K, by applying ((”, Ko /A, A),0ut). In
the skin membrane, o’ is inserted to the right of o and the resultant string
sent out to membrane two, where o’ is deleted. At the end of replacing all the
indexed elements A; by A’, the string is sent to membrane three. All B”’s are
replaced by B by first applying rules ((B’, A/ B, #2), out), ((B’, A/ B, B), out) in
membrane three; then the B’’s are deleted in the skin membrane. After all B'’s
are replaced, x is deleted, Y; is replaced by Y and the string is sent back to the
skin. Thus, the simulation of matrices of the type (X — Y, B — (),|0] < 2 is
done correctly. Simulation of matrices involving the rule X — A, X € N is also
similar. Thus, the strings in L(G) can be found in the skin membrane at the end
of a halting configuration. |

Theorem 4. INSIDELIPy3 — MAT /=).

It is known that INS?DEL! = RE [5], whereas the size of the family
INSIDEL} is not known. Now we show that a characterization of RE can
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be obtained by taking systems of weight (1,1;1, 1), depth four and having four
membranes.

Theorem 5. RE C INSIDELiP, 4

Proof. Let G = (N,T,S,P) be a type-0 grammar in Penttonen normal form.
We construct the insdel P system

= (‘/7 Ta [1[2[3[4 ]4]3]2]17 {$S$}a /\7 >‘a /\7 Rla RQa R37 R4a 1)
with

V=NUTU{Kqa,7z | X = 109, XY - XZ € P}

U{S,# #}u{d |ae NUT}
Ry ={((X,\rz,Y),in2) | XY — XZ € P}

UL{((X, N/ Kayays A),ing) | X — ajas € P}

(A, X/A\ N, here) | X = X e PHU{((A, /X )0), here)}
((rz,Y/A\N),ing) | Y, Z € N} U{((A\ #/A,A), out)}
(N XN, Kaya,),ing) | X € N}U{((\ &' /A N),out) |a€e NUT}
((rz,\/Z,X),ing) | Z € NYU{((#, N/ #',Z),here) | Z € N}
((#, # /N N),0ut)} U{((AM N a1, Kayay),ing) | a1,a0 € NUT}
(
(
(
(

U

C C

(a1, N ag, ah),out) | ar,as € NUT?}
(X, N/ #,rz),here) | X, Z € NYU{((#,rz/\,\),out) | Z € N}

Koyons A h, B)), here) | ar,ap € NUT, € NUT U{$}}

u{
{
{
{
{
{
{
{
{(\ Kayas /N b)), out) | ar,ae € NUT}

C C

(
(

The symbols rz and K,,, are markers : these symbols are inserted to the right
of nonterminals X which correspond to rules XY — X7 and X — ajas. To
simulate XY — XZ and X — ajas, we insert rz in between X and Y and
Ko, a, to the right of X. The resultant string is then moved to membrane two.
Here, we delete X from the left of Ky, q,, ¥ from the right of rz and move the
string to membrane three. In membrane three, we insert Z to the right of rz, oy
to the left of K,,q4, and move the string to membrane four. Now, # is inserted
to the left of rz and then rz is deleted; o, is inserted to the right of K,,q,, then
Ko, a, is deleted and the string is sent out.

In membrane three, #’ is inserted to the right of # and then #’ is deleted;
ap is inserted between ;1 and «f and the string is sent out. In membrane two,
# and o), are deleted and the string sent out. The simulation of the rule X — X
is done by the rule ((A, X/, \), here). The boundary markers $ can be deleted
after completing all simulations. It is clear that the strings collected in the skin
membrane at the end of a halting configuration belong to L(G). a
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5 Conclusion

We have investigated here, the P systems with string objects, which can evolve
by using insertion-deletion operations. We have examined the power of systems
with less than four membranes, comparing them with the families of CF, M AT
and RE. The size of the family INS}DEL} was left as an open problem in
[B]. Here, we show that systems of weight (1,1;1,1) having three membranes of
depth two generate non-context-free languages while four membranes of depth
four are sufficient for generating RE. Also, this variant resembles nature’s ac-
tion of insertion-deletion on different DNA strands simultaneously. Hence the
implementation of Insdel P systems have considerable importance. However, the
work reported in this paper is purely theoretical.

We synthesize the relations from the previous theorems in the following di-
agram; the arrows marked with a bullet correspond to inclusions, while the
non-marked arrows indicate the comparison between two families.

RE = INS!DELP, 4
<

INSYDELYP:>  /INgi DELIP, 4
/ 4
MAT
N INS|DEL} Py 5

INSIDELLP, ,

CF
Figure 2: The INSDEL hierarchy
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Abstract. Time-varying distributed H systems (TVDH systems shortly)
of degree n are a well known model of splicing computations which has
the following special feature: at different moments one uses different sets
of splicing rules (the number of these sets of splicing rules is called the
degree of the TVDH system). It is known that there is a universal TVDH
system of degree 2. Now we prove that there is a universal TVDH sys-
tem of degree 1. It is a surprising result because we did not thought that
these systems are so powerful.

Recently both authors proved that TVDH systems of degree 1 can gen-
erate any recursively enumerable languages. We present here the short
description of the main idea of the proof that result.

1 Introduction

Time-varying distributed H systems are a well known theoretical model of bio-
computing based on splicing operations [17, [I8 [19]. We refer the reader to
[6l 7, 18 9L [1O} 11l [15] 23] for more details on the history of this model, its
extensions and connections with previous models based on splicing computa-
tions. That model introduces components, later see the formal definition, which
cannot all be used at the same time but one after another, periodically.

As a biochemical motivation, that model starts from the assumption that
the splicing rules are based on enzymes whose work essentially depends on the
environment conditions. Hence, at any moment, only a subset of the set of all
available rules is active. If the environment changes periodically, then the active
enzymes also change periodically.

Consider a model M of discrete computations. It consists in a family of
systems Sps that follow a certain paradigm: the one that is defined by the notion
of computation that is associated to M. Remember that a system U of M is called
universal when it is able to simulate any element of Sys. Usually, the proof of the
simulation consists in the following: starting from an encoding <G> of a formal
description of a member G of Sy; and of an encoding <A> of some data A for

N. Jonoska and N.C. Seeman (Eds.): DNA7, LNCS 2340, pp. 371-380] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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@, to each step of computation s of G on A, there is a finite sequence t1, ..., g
of computations of U on (<G>,<A>), such that the result of the application of
t1,...,t, is an encoding of the result of the application of G on A at step s.

It is known, under the name of Church’s thesis, that any model of this kind
can be simulated by a Turing machine. Indeed, this can be formally proved for
each model. As a result, in order to prove that a system U in M is universal, it
is enough to prove that it is able to simulate any Turing machine or any system
of computation that is known to be able to simulate any Turing machine.

In particular, one way to prove the universality property consists in proving
that the system is able to generate any recursively enumerable language. Clas-
sical theorems of computer science prove that this is equivalent to the property
of being able to simulate any Turing machine.

In [I8] it is proved that 7 different components are enough in order to generate
any recursively enumerable language.

In [T6], the number of components was reduced down to 4. Recently, see [6} 7],
both authors proved that two components are enough to construct a universal
time-varying distributed H system, i.e. a time-varying distributed H system,
which is capable of simulating the computation of any Turing machine.

Universality of computation and generating any recursively enumerable lan-
guage are equivalent properties, but it is a priori not necessarily true, that
the universality of some time-varying distributed H system with n components
entails that there are time-varying distributed H systems which generate all re-
cursively enumerable languages, with only n components. It is true for two com-
ponents, because both authors proved that 2 different components are enough
in order to generate any recursively enumerable language [I1].

Now we prove that TVDH systems of degree one can carry out universal
computations, i.e. that there is a TVDH system of degree one that is capable of
simulating the computation of any Turing machine (for instance any universal
Turing machine from [20] 2T} 22]).

The question of whether or not a single component is enough for generating
any recursively enumerable language is solved now, and we present here a short
description of the main idea of the proof that TVDH systems of degree 1 can
generate any recursively enumerable languages.

2 Basic Definitions

We recall some notions. An alphabet V is a finite, non-empty set whose elements
are called letters. A word (over some alphabet V') is a finite (possibly empty)
concatenation of letters (from V). The empty concatenation of letters is also
called the empty word and is denoted by . The set of all words over V' is denoted
by V*. A language (over V) is a set of words (over V).

An (abstract) molecule is simply a word over some alphabet. A splicing rule
(over alphabet V), is a quadruple (u1,us, u}, us) of words uy,us,uj,ub € V*,

uy|ug

which is often written in a two dimensional way as follows: AR
1|2
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A splicing rule r = (u1, ug, u}, u)) is applicable to two molecules my, mgy if
there are words wy, we, w}, w)y € V* with m; = wiuiusws and may = wiujuwi,
and produces two new molecules m| = wiujujwh and mh = wiujuswsy. In this
case, we also write

(wyug |ugws, wiul|ujwh) b, (wrugujws, wiu)ugws)

or simply (my, ma) b, (m}, m}).

A pair h = (V, R), where V is an alphabet and R is a finite set of splicing
rules, is called a splicing scheme or an H scheme.

For an H scheme h = (V, R) and a language L C V* we define:

def

on(L) = ow,r) (L) = {we V*|Bw,wy € L,Fw' € V* :

Ir e R: (wr,ws) Fr (w,w") or (wy,ws) Fr (W, w)}.

A Head-splicing-system [11, 2], or H system, is a construct:

H = (h,A) = ((V,R), A),

which consists of an alphabet V', a set A C V* of initial molecules over V', the
azioms, and a set R C V* x V* x V* x V* of splicing rules. H is called finite if
A and R are finite sets.

For any H scheme h and any language L € V* we define:

02 (L) =L,
o), (L) = 03, (L) U on (o, (L)),
o (L) = Uizoop,(L).
The language generated by the H system H is defined as L(H) def o} (A).
Thus, the language generated by the H system H is the set of all molecules
that can be generated in H starting with A as initial molecules by iteratively
applying splicing rules to copies of the molecules already generated.
A time-varying distributed H system (of degree n, n > 1), is a construct:

D=(V,T,A,R1,Rs,...,Ry),

where V' is an alphabet, T C V is a terminal alphabet, A C V* is a finite set of
axioms, and components R; are finite sets of splicing rules over V, 1 <1i < n.

At each moment k =n-j+14, for j >0, 1 <i < n, only the component R;
is used for splicing the currently available strings. Specifically, we define

Ll :Aa
Liy1 = op, (L), for i = k(mod n), k>1,1<i<mn, h; = (V,R;).

Therefore, from a step k to the next step, k + 1, one passes only the result of
splicing the strings in Lj according to the rules in R; for i = k(mod n); the
strings in Ly that cannot enter a splicing rule are removed.
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The language generated by D is, by definition:

def %
L(D) = (Uk21Lk)ﬁT .

During the computations performed below to check our axioms and rules, we
append the mark ”1” to any string that cannot enter a splicing rule and that is,
therefore, ruled out from the later computation.

3 Main Result

Theorem 1. There is a universal TVDH system of degree 1.

In our proof, we use tag-systems which were introduced by E.Post. Cocke
and Minsky proved that tag-systems are able to define universal computations
[12] @3]. Tag-systems were used in the sixties for devising the smallest universal
Turing machines, see a survey [14] and, more recently [5], leading to the smallest
one known up to now constructed by the second author, see [20, 21|, 22]. Tag-
systems were also used for constructing small non-erasing Turing machines, see
M] and [5].

Let us now define tag-systems. For a given positive integer m and a given
alphabet 2 = {a1,...,an,an+1}, an m-tag-system on {2 transforms the word
w on {2 as follows: we delete the first m letters of w and we append to the
right of the result a word that depends on the first letter of w. This process is
iterated until m letters cannot be deleted or the first letter is an+1, and then
stops. Formally, we have the following definitions.

A tag-system is a three-tuple T = (m, 2, P), where m is a positive integer,
2 ={ai,...,an, apnt1} is a finite alphabet, and P maps {a1,...,a,} into the
set 2% of finite words on the alphabet {2 and a, 41 to STOP.

A tag-system 7 = (m, {2, P) is called m-tag-system when it is needed to
stress on number m. Words P, = P(a;) € 2* are called the productions of
the tag-system 7. The letter a1 is the halting symbol. Productions are often
displayed as follows:

ai— P, 1=1,...,n
anp+1 — STOP.

)

A computation of the tag-system 7T = (m, {2, P) on word w € 2* is a se-
quence w = vg, V1, ..., of words on {2 such that, for all nonnegative integer k, a
current word vy, is transformed into vi41 by deleting the first m letters of vy, and
appending the word P; to the result if the first letter of vy is a;. The computation
stops in k steps if the length of vy, is less than m or the first letter of vy is ay41.
In that latter case, the result is v.

Cocke-Minsky theorem more precisely states that there are universal 2-tag-
systems ([13]), and therefore, we will deal only with 2-tag-systems. Due to the
proof of Coke-Minsky theorem, we can restrict our attention to tag-systems
which also have the following properties:
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1. The computation of a tag-system stops only on a word beginning with the
halting symbol a,, 1.

2. The productions P;, ¢ = 1,...,n, are not empty.

3. The current word vy, k > 0 contains at least 4 letters (it is always possible
to require that for tag-systems that simulate two-register machines, see the
details of Minsky’s proof in his book [13]).

Henceforth, the tag-systems will be 2-tag-systems satisfying the above con-
ditions.

Lemma 1. For every tag-system T there is a time-varying distributed H system
T’ of degree 1 which simulates T .

From the lemma, the proof of our theorem is straightforward.

a; — P (i=1,...,n),
an+1 — STOP.
Let be 2 ={a;}, j=1,...,n+ 1. Also denote the symbol a,+1 by h.

Proof. Consider tag-system 7 :

We construct the time-varying distributed H system 7" as follows:
The terminal alphabet of 77 is T' = (2.

Let us introduce variables for ai,...,a,+1, that we shall also denote by
a,b,c,d.

The alphabet of 77 is V = QU{X, XY, Z,L.R, 5, <}, j=1,...,n+1.

We denote "5 also by LN

Axioms are given by A = {X'b-% Z, IaZscR, Z — aP,Y, La — bR, XaZ,
h'z za},Vabcandi=1,....,n,j=1,...,n+1.

Block “START”:

Xa;ablc )
1.1: 7T, Va/b,e Vi=1,...,n.
X'b—|Z

Block “RIGHT”:

J
212¥5 Va,b,c, V]:1,7n+1,
Lia = cR
2.2:£—>aY , Va,b, Vi=1,...,n;
Z|«— aPY
23¥£ﬂ Va7b7cad7 vj:1a7n+17
L = acld
J
2.4:baj4)c£7 vaabaca Vj:17an+1
L = aclY
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Block “LEFT”:
~ab «|c
3'1'La<—b ,
X'a+|b

a
dalb— R
3'3'La<—bc ,
X'alb — R
A4
3 Lal< bc ’

Va, b, c;

o

3.2: , Va,b;

;

Va,b,c,d;

WL

Va, b, c.

#

Block “STOP”:

Xhla Va:
4.1.th, a;

. ale
Note. For each axiom « € A there are rules

So, all the axioms « € A are available at each step of operation under the
TVDH system T".

4 Detalils

The system 7’ works as follows.

Let the tag-system 7 start with a word w = vy € §2*. Then the system
T’ starts with a word XwY . That word, XwY, is added to the axioms of the
XZ}{ ? as mentioned in Note above. So,
the axiom XwY is available only at the first step of operation under the TVDH
system T".

At any time a current word vi € 2%, k > 0 in the tag-system 7 is presented
as a word Xv,Y, X,Y ¢ 2 in the TVDH system 7.

We shall see that if the tag-system 7 stops on a word hv' = vy € £2*, then
the system 7" produces the same word hv’ and does not produce any other word
over (2*.

Recall that a, b, c,d are the variables for a1, ..., an41.

Let be Xv,Y = Xaabew'Y, i € {1,2...,n}.

At first the TVDH system 7’ erases the first two letters of the current word
a;abecw’ (Xazabew'Y). Simultaneously the tag-system 7’ sends a signal — to
the right end of the current word, attached to the first erased letter a; (Block
START, rule 1.1):

(Xazablew'Y, X'b-5 |Z) b1 (XaabZ 1, and X'b-5 Z is an axiom.

system 7’ without adding a new rule



A Universal Time-Varying Distributed H System of Degree 1 377

So, the word X'b L'y passes to the next step of computation and the
word Xa;abZ is ruled out, because it cannot enter any splicing rule.

That signal (symbol ) crosses over the word (Block RIGHT, rules 2.1, 2.3
and 2.4) until YV is met:

(X'w'b| L acw"Y, Lla EA cR) k21 (X'w'ba L eR, LS acw"Y),
(X'w'ba BN c|R, L BN ac|dw”Y) ka3 (X'w'ba L edw™Y, L 5 acR 1),
where w', w”,w" € 2%, w" = dw"” and La - cR is an axiom.
If w” = € then:

(X'w'ba BN c|R, L EA aclY) Fa4 (X'w'ba LY, L5 acR 1.

So, the word X'w’ba L edw"Y (or X'w'ba 4 cY') passes to the next step
of computation and the word L - acR is ruled out, because it cannot enter any
splicing rule.

The moment when Y is met indicates that the production P; must be added
to the right side of the current word and at that very moment, a resuming signal
(a symbol «) is sent backward to the beginning of the word in order to start
again the process of performing one step of tag-system (Block RIGHT, rule 2.2):

(X'w'b| 5 aY, Z| «— aPY) koo (X'w'b «— aPY, Z 5 aY 7).
So, the word X'w'b « aP;Y passes to the next step of computation and the
word Z - aY is ruled out, because it cannot enter any splicing rule.
After that signal < crosses over the word to left (Block LEFT, rules 3.1, 3.3
and 3.4) until X' is met:
(X'w'ab « |cw"Y, La « b|R) k31 (X'w'ab «— R, La « bcw"Y),
(X'w"dalb «— R, La| — bcw"Y) F33 (X'w"”da «— bcw"Y, Lab «— R 1),
where w', w”,w"” € 2*, w' = w"”’d and La < bR is an axiom.
If w' = ¢ then:
(X'alb — R, La| — bcw"Y) k34 (X'a < bcw"Y, Lab — R 1).

So, the word X'w'’da «+ bew”Y (or X'a «+ bew”Y") passes to the next step
of computation and the word Lab <+ R is ruled out, because it cannot enter any
splicing rule.

The moment when X’ is met indicates that the circle of modelling is over:
the signal «— vanishes and a new current word v;41 (Xv;41Y") is obtained (Block
LEFT, rule 3.2) for a new step of the tag-system computation:

(X'a — |bw"Y, Xa|Z) 3o (X'a— Z 1, Xabuw"Y).
If in the process of computation the first letter of the current word vy, is the
halting symbol h = a,+1 then the system 7’ deletes the symbol X from the

beginning of the word Xwv;Y and sends a special signal, for instance letter l,
to the right end of the word (Block STOP, rule 4.1).



378 Maurice Margenstern and Yurii Rogozhin

(Xhlaw"Y, h 25 |Z) Faq (XRZ T, h L5 awY).

After that the signal 2 crosses over the word to the right (Block RIGHT,
rules 3.1, 3.3 and 3.4) until Y is met. That moment indicates that the whole

circle of modelling is over: system 7" erases the signal 2 and the symbol Y, and
so a result vg41 € £2* is obtained (Block STOP, rule 4.2).

(w'b| L aY, Zla) Fas (what, Z 2 ay 1).

It is easy to see that no other words than the result vi41 (over the terminal
alphabet £2) can be obtained during computations of system 7.

5 The Last New Result

Denote by RE the set of all recursively enumerable languages, by VDH,,, n >
1, the family of languages generated by time-varying distributed H systems of
degree at most n, and by V. DH, the family of all languages of this type.

Theorem 2. VDH, =VDH, = RFE.

A short description of the main idea of proof.

We shall consider recursively enumerable sets of natural numbers instead
of recursively enumerable languages. There are many well known methods to
encode any formal languages into subsets of natural numbers. It will make our
proof simpler.

It is a well known fact that from theoretical computer science that for every
recursively enumerable set £ of natural numbers, there is a Turing machine T,
which generates £ as follows. Let fr be a total recursive function enumerating
the elements of £, i.e. L ={fr(x); x € IN}. It is well known, see [3], chap.XIII,
§ 68, Theorem XXVIII, how to construct a Turing machine T from the defini-
tion of fr which would compute what f does, i.e. for every natural number z,
machine T transforms any initial configuration ¢;01**! into the final configu-
ration ¢o01/2(®)+10 . 0. And more, machine T never visits cells on the left at
the cell with 0 of the initial configuration (i.e. machine T, has a tape that is
semi-infinite to the right) and no instruction of machine T is stationary, i.e. the
head moves on every steps of the computation.

Let us assume for a while that we succeeded to simulate machine 7. It is not
yet enough to prove the theorem. Indeed, starting from one word, say ¢;01%+!
for some z, we would obtain an encoding of f.(z) as go01/2(®)*1 But this is not
what we need, because this gives us a single word.

It is not difficult to see that starting from machine 7., there is a Turing
machine T which computes 01772¢,01/2(®)+10 .. .0, starting from ¢;017+1. Tt
will be possible for us to device a time-varying distributed H system of degree 1
I' which, arriving to that stage of the computation, will split the obtained word
into two parts: 01/2(®)+1 as a generated word and ¢,01*12 as a new starting
configuration. This will allow us to obtain exactly £ as L(I).



A Universal Time-Varying Distributed H System of Degree 1 379

Acknowledgement. The authors acknowledge the very helpful contribution of
INTAS project 97-1259 and NATO project PST.CLG.976912 for enhancing their
cooperation, giving the best conditions for producing the present result. For the
same reasons they also acknowledge the help of the University of Metz (France),
INRIA Lorraine and the French Ministry of Education and Research.

References

1]

2]

3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

Head, T.: Formal language theory and DNA: an analysis of the generative capacity
of recombinant behaviors. Bulletin of Mathematical Biology 49 (1987), 737-759.
Head, T., Paun, Gh., Pixton, D.: Language theory and molecular genetics. Gen-
erative mechanisms suggested by DNA recombination. Chapter 7 in vol.2 of G.
Rozenberg and A. Salomaa, eds., Handbook of Formal Languages, 3 volumes,
Springer-Verlag, Heidelberg, 1997.

Kleene, S.: Introduction to Metamathematics. Van Nostrand Comp. Inc., New-
York, 1952.

Margenstern, M.: Non-erasing Turing machines: a new frontier between a decid-
able halting problem and universality. Lecture Notes in Computer Science 911,
in Proceedings of LATIN'95 (1995), 386-397.

Margenstern, M.: Frontier between decidability and undecidability: a survey. TCS
231-2 (2000), 217-251.

Margenstern, M., Rogozhin, Yu.: A universal time-varying distributed H-system
of degree 2. In Preliminary proceedings, Fourth International Meeting on DNA
Based Computers, June 15-19, 1998, University of Pennsylvania (1998), 83-84.
Margenstern, M., Rogozhin, Yu.: A universal time-varying distributed H-system
of degree 2. Biosystems, 52 (1999), 73-80.

Margenstern, M., Rogozhin, Yu.: Generating all recursively enumerable languages
with a time-varying distributed H-system of degree 2, Technical Report in Pub-
lications du G.I.F.M., Institut Universitaire de Technologie de Metz, ISBN 2-
9511539-5-3, 1999.

Margenstern, M., Rogozhin, Yu.: About Time-Varying Distributed H systems. In
Proceedings of DNA Based Computers Conference, 6, Leiden, The Netherlands
(2000), 55-64.

Margenstern, M., Rogozhin, Yu.: About Time-Varying Distributed H systems.
DNA Computing, 6th International Workshop on DNA-Based Computers, DNA
2000, Leiden, The Netherlands, June 13-17, 2000, LNCS 2054 (2001), 53-62.
Margenstern, M., Rogozhin,Yu.: Time-Varying Distributed H-systems of Degree 2
Generate All Recursively Enumerable Languages. Where Mathematics, Computer
Science, Linguistics and Biology Meet. Kluwer Academic Publishers (2001), 399
407.

Cocke, J., Minsky, M.: Universality of tag systems with P = 2. J. Assoc. Comput.
Mach. 11 (1964), 15-20.

Minsky, M.L.: Computations: Finite and Infinite Machines. Prentice Hall, Engle-
wood Cliffs, NJ, 1967

Priese, L.: Towards a precise characterization of the complexity of universal and
nonuniversal Turing machines. STAM Journal of Computation, 8, 4 (1979) 508—
523



380

[15]

[16]

[17]

[18]
[19]
[20]

21]
22]

23]

Maurice Margenstern and Yurii Rogozhin

Priese, L., Rogozhin, Yu., Margenstern, M.: Finite H-Systems with 3 Test Tubes
are not Predictable. In Proceedings of Pacific Symposium on Biocomputing, Ka-
palua, Maui, January 1998, R.B. Altman, A.K. Dunker, L. Hunter, and T.E.
Klein, (eds.), World Sci. Publ., Singapore (1998), 545-556.

Paun, A.: On Time-Varying H Systems. Bulletin of EATCS, No. 67, (February
1999), 157-164.

P&un, G.: DNA computing: distributed splicing systems. in Structures in Logic
and Computer Science. A Selection of Essays in honor of A. Ehrenfeucht, LNCS
1261 (1997), 353-370.

P&aun, G.: DNA Computing Based on Splicing: Universality Results. TCS 231-2
(2000), 275-296.

Paun, G., Rozenberg, G., Salomaa, A.: DNA Computing: New Computing
Paradigms. Springer, 1998.

Rogozhin, Yu.: Seven universal Turing machines. Mathematical Studies, Kishinev,
Academy of Sciences, 69 (1982), 76-90. (In Russian).

Rogozhin, Yu.: Small universal Turing machines. TCS 168-2 (1996) 215-240.
Rogozhin, Yu.: A Universal Turing Machine with 22 States and 2 symbols. Ro-
manian Journal of Information Science and Technology, 1, 3 (1998), 259-265.
Verlan, S.: On Extended Time-Varying Distributed H Systems. In Proceedings of
DNA Based Computers Conference, 6, Leiden, The Netherlands (2000) 281.



A Note on Graph Splicing Languages
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Abstract. In this paper, we examine the relationship between graph
splicing languages of Freund (1995) and Hyperedge replacement graph
languages. We also extend the notion of self cross-over introduced by
Dassow and Mitrana (1998) to graph languages and compare them with
graph splicing languages.

1 Introduction

In order to model the recombinant behaviour of DNA molecules under the ef-
fects of restriction enzymes and ligases, Head [5] introduced in his pioneering
paper, a new class of generative systems. These are called Splicing Systems and
have been conceived as a generative formalism with the aim of analyzing the
generative capacity of the recombinant behaviour of DNA molecules, in terms
of formal languages. The splicing systems make use of a new operation, called
splicing, on strings of symbols [5]. But DNA sequences are three-dimensional
objects in a three-dimensional space. In fact, Jonoska [7] has proposed use of
three dimensional graph structures solving computational problems with DNA
molecules. Hence graphs seem to be more suitable objects for describing com-
plex three-dimensional objects independently from their actual position in the
three-dimensional space. One of the recent developments in the field of splic-
ing systems is an interesting generalization of the concept of splicing to graphs
proposed by Freund [3].

Graph grammars and graph languages have been studied since the late sixties,
motivated by various application areas. Hyperedge replacement is one of the
easiest and best studied types of graph rewriting (see for example Habel [4]).
Hyperedge replacement graph grammars have an attractive generative power
with interesting structural and decidability properties. To some extent, these
nice properties result from the fact that hyperedge replacement is context-free in
the sense of formal language theory. Extensive work has been done on hyperedge
replacement grammars in the literature.

We examine the relationship between graph splicing languages [3] and Hy-
peredge replacement graph languages. Dassow and Mitrana [2] while modeling
cross-over between a DNA molecule and its replicated version, have introduced
and investigated a very simple and natural restriction on the splicing operation,
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namely cross-over of identical strings, resulting in self cross-over systems. Here
we extend the notion of self cross-over to graph languages in the context of graph
splicing.

2 Preliminaries

We recall certain notions relating to grammars and languages. Let A be a finite
set of symbols, called alphabet. A* is the set of all finite strings or words over A.
The length of a string w is the number of letters of the alphabet in w. A denotes
the string of length zero. L C A* is called a language over A.

In the literature, the notions of string grammars and languages have been
exended to generate higher dimensional structures such as graphs. We briefly
recall and review (mostly informally) the notion of hyperedge replacement with
rendezvous [I] and certain basic results pertaining to these grammars and their
graph languages.

Directed graph and decorated graph:

A directed graph is a pair (V,E) where V is a finite set of nodes (or vertices)
and E is a subset of V' x V| called edges.

Let N be a set of nonterminal labels, each element A of N is associated with
a natural number, its type, denoted by type(A). An (undirected) graph can be
thought of as a directed graph by replacing each undirected edge (u,v) by two
directed edges (u,v) and (v,u).

Hyperedge and Hypergraph:

A hyperedge is an atomic item with an ordered set of incoming tentacles and
an ordered set of outgoing tentacles. Incoming tentacles are attached to nodes
through a source function. Outgoing tentacles are attached to nodes through a
target function.

Let C be an arbitrary, but fixed set, called set of labels (or color). A (di-
rected, hyperedge-labeled) hypergraph over C is a system (V,E,s,t,¢) where V is
a finite set of nodes (or vertices), E is a finite set of hyperedges, s : E — V*
and t : E — V* are two mappings assigning a sequence of sources s(e) and a
sequence of targets t(e) to each e € E, and | : E — C is a mapping labeling each
hyperedge.

Parallel hyperedge replacement [1] :

Parallel hyperedge replacement is a simple construction where the hyperedges
of a decorated graph are removed, the associated decorated graphs are added
disjointly and their external nodes are fused with the corresponding nodes for-
merly attached to the replaced hyperedges.
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Hyperedge-replacement grammars with rendezvous [1] :

1. A hybrid table-controlled OL hyperedge replacement grammar with ren-
dezvous (an RHTOL HR grammar) is a system G = (N,7,R, Z) where N
is a typed set of nonterminals, 7 is a finite table set of productions, R is a
rendezvous specification for 7 giving the connection relation for merging of
nodes in the replaced graphs and Z € Gy(NN), called the axiom. Here Gy(N)
is the set of all graphs with node labels from N. If Z = S°®, the hyperedge
with label S, for some S € N, we may denote G by (N,7,R,S).

2. Given such a grammar, the generated graph language consists of all graphs
derivable from Z, i.e., L(G) = {H € Go|Z =7  H}.

Example 1 (Generation of all complete graphs) :

In order to generate the set of all complete graphs the RHTOL HR grammar
K given by K = ({A},{P1, P2}, R, A) can be used. Its components are defined
as follows : P; = {pnew }s P2 = {Pdei} Where prew = (A, new) and pge; = (A, del)
with

'O 4]
new = , del = @V

l

and the rendezvous R for table P, merges vertices (v,v) and the rendezvous for
table Ps is null.

This grammar generates the set of all complete graphs in the following way.
In every intermediate graph, all nodes carry at least one A-labelled hyperedge.
Each such hyperedge generates a new node v which is connected with the old
one by an edge. By the rendezvous specification, all the new nodes are merged
into one, which is thus connected with every old one.

3 Splicing on Graphs

The concept of splicing was introduced by Head [0], as a new operation on
strings while studying the recombinant behaviour of DNA molecules. Freund [3]
introduced an interesting extension of the notion of splicing to graphs. We now
recall notions pertaining to graph splicing [3]. For completeness we give the full
details.
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A (directed, labelled) graph over V is a triple (N, E; L), where N is the set
of nodes, E is the set of (directed) edges of the form (n,m) with n,m € N, and
n /=m (i.e., we do note allow loops), and L is a function from N to V assigning
a label from V to each node from N. The set of all graphs over V is denoted
by v(V). A graph g € v(V) is called weakly connected if g = (N, E, L) such
that for all n,m € N,n /=m, there is a sequence n = z[0], z[1],...,z[k] = m of
nodes from N such that for all ¢ with 0 < ¢ < k either (z[i],z[i + 1]) € E or
(x[i + 1], z[i]) € E. The set of all weakly connected graphs over V is denoted by

v (V).
Graph splicing scheme [3] :

A graph splicing scheme o is a pair (V, P), where V is an alphabet and P is
a finite set of graph splicing rules of the form ((h[1], E’[1]), ..., (h[k], E’[k]); E),
where £ > 1 and for all ¢ with 1 <i <k,

o hli] € y(V), i} = (N[, Eli], L)),

. B < Eli,

e the node sets N[i] are mutually disjoint,
and E must obey the following rules :

1. Each edge (n,m) € E'[i] is divided into two parts, i.e., the start part (n,m]
and the end part [n,m).

2. The elements of E are of the form ((n, m], [n/,m')), where (n,m) and (n’,m’)
are edges from Uj<;<x E'[i].

3. Every element from {(n,m], [n,m)/(n,m) € Ui<;<xE'[i]} must appear ex-
actly once in a pair of E.

Graph splicing rule:

Let p = ((h[1], E'[1],..., (h|k], E'[k]); E) be a graph splicing rule, and let
r € yo(V). If we can select k different subgraphs g[1],. .., g[k] of r, then we can
apply p to r, which yields some s € v¢ (V) in the following way:

1. For all i with 1 <1 <k, h[i] is a subgraph of g[i], where {[i] establishes the
injective node embedding of h[i] into gli].

2. The union of g[1], ..., g[k] can be looked at as a single graph g in (V)
and the union of the functions f[i] as a single function f embedding the
h[i] into g. From g we eliminate all edges from Ui<;<x f(E'[i]), but add all
edges (f(n), f(m')) such that ((n,m], [n/,m’)) € E which yields the uniquely
determined union of k' weakly connected graphs ¢'[1],..., ¢ [k'].

We assume that any number of copies of a graph is available, if required for
splicing.
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Graph splicing system :

Let 0 = (V, P) be a graph splicing scheme and let I € ~.(V),o{(I)} is the
set of all I’ € ~.(V) obtained by applying one graph splicing rule of P to I
Iteratively, for every n > 2,0™{(I)} is defined by ¢"({I}) = o(c" 1 ({I}) and
o®({I}) = {I}. The triple S = (V, P,I) where V.= N UT is called an extended
graph splicing system, (in an ordinary graph splicing system, no distinction
between terminals and nonterminals is made).

o*({I}) = Upena™({I}) and L(S) ={g € v(V)/f(n) € T for all n € V(g)}.

Example 2 [3] : Let 0 = ({A,T,C,G}, P), where A,T,C and G denote the
four deoxyribonucleotides that incorporate adenine, cytocine, guanine, thymine
and P = {(¢g1;{((1,2],1,2)), ((2,6], [2',6")), ((3, 7], [3", 7)), (7, 8][7", &),
(1, 27[1,2)), ((2/,6'],[2,6)), (3, 7], [3, 7)), (7", 8][7,8)) }) }.

As we are only interested in the connection points (1,2][1,2),(3,4] etc., we
can assign labels (e.g. numbers) only to these points and then represent P in a
shorter way as

P ={(92:{(1,2),(3',4),(5,6), (7,8, (1,2), (3,4), (5,6'), (7', 8)})}.

where g1 and go are as in figure [l and 2l Therefore, from two DNA molecules
given in figure [ (93) we obtain the two recombined DNA molecules given in
figure @ (g4).

Every DNA splicing scheme can be expressed by a suitable graph splicing
scheme.

We now prove that graphs that can be obtained by graph splicing operation
of Freund [3], can be derived by hyperedge replacement graph grammar with
rendezvous.

Theorem 1. The class of all graph languages generated by graph splicing system
s a subclass of the set of all languages generated by RHTOL HR grammars.

Proof : Let L = L(S) for some graph splicing system S = (V, P, I). We construct
an RHTOL grammar H = (N, T, R, I) generating L as follows.

For each production p = ((h[1], E'[1)), ..., ([h[k], E'[k])); E) in P, we construct
two tables of productions - T}, and T);. Each edge (n,m) € E'[i],1 <i <k, is
replaced by a hyperedge of type 2 with label (n,m)

[1.e., o—1 [ (n,m) [— 2_. ]

and add the production
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2

o Tam>0 — o—{amr—o0 O
1 2 1 2
O—Lam——0 — O0—0O O

to T, and a terminating production

to Tp¢. Construct the rendezvous
Rt, as Ry, = {((n,m],[n/,m'))/((n,m],[n',m’)) € E}.

Since Rr, contains a pair corresponding to each pair in E, the result of
applying T}, is same as applying the splicing rule p, except that the edges remain
as non-terminals. These non-terminals are then replaced by terminal edges by
applying table T},;. Hence L = L(H). O

4 Self Cross-Over Graph Systems

We refer to [2] the notion of self cross-over systems on strings of symbols.

Informally, given a starting finite set of strings and a finite set of cross-over
rules («, 3,7, 9), it is assumed that every starting string is replicated so that, we
have two identical copies for every initial string. The first copy is cut between
the segments o and [ and the other one is cut between v and §. Then the last
segment of the second string adheres to the first segment of the first string, and
a new string is obtained. More generally, another string is also generated, by
linking the first segment of the second string with the last segment of the first
string. Iterating the procedure, we get a language.

The notion of self cross-over on strings [2], is considered here for graphs
resulting in self cross-over graph systems. Two identical copies of a graph are
taken and self cross-over of these graphs is done with respect to the splicing
operation on graphs based on Freund’s model [3]. The graph language obtained
is called self cross-over graph language.

We illustrate self cross-over graph systems with examples.

Example 3 : Consider the self cross-over graph system Gy = ({a}, {p}, I) where
and if I = Cy, cycle of length 4, then the language generated by G2 is L(G2) =

1 3 4
P=(@ e o @ . o @ :((14,62)

{C,/n = 2F k > 2}, and if I = C3, cycle of length 3, then L(Gs) = {C,,/n =
3% 25 k > 0}.
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The self cross-over splicing on C}y is illustrated in figure [l

Example 4 : Consider the linear self cross-over graph system Gs = ({a, b}, {p},
I) where P and I as given in figure

The linear graph language is given by the string language
{ba2"b/n > 1} U {bb}. bab is the linear graph

@ @—O—®O—O®

Example 5 : The linear self cross-over graph system G4 = ({a, b}, {p1,p2},1)
where

1 2 3
p=(@—s —©® @ @ O
E={(1,4),(,2),(3,6) } )and

pzz(@—ol %—@ @—2 f—@—g 9—@7@;13)

and

- 6O

generates the linear graph language given by the string language
{a™b™aPb?/n,m,p,q > 1}.

Example 6 : G5 = ({a},{p},I) where

1 3 4
p=( @—e %7@ , @—e e—@) ;{(14,C62))
and
= @—@—®

generates the linear graph language given by the string language {a™/n > 2}.
G5 is both a graph splicing system and a self cross-over graph system.

Remark : It can be seen every self cross-over linear graph language over {a},
generated by self cross-over graph systems is either a finite set F or FU{a"/n >



388 N. Gnanamalar David, K.G. Subramanian, and D. Gnanaraj Thomas

k} for a finite set of F' of linear graphs and some k > 0 where a™ represents the
linear graph (n nodes).

Proposition 1 : There is a linear graph language generated by self cross-over
graph system, but not generated by any graph splicing system.

Proof : The proof follows by noting that the self cross-over graph system of ex-
ample 2 generates the linear graph language represented by the string language
{ba®"b/n > 0} U {bb}. Tt is clear that there cannot be any graph splicing rule
that gives rise to only linear graphs of the form ba®"b, since any such rule has
to increase the number of a-labelled nodes but cannot produce the exponential
increase of 2™(n > 1) a-labelled nodes.

Remark : We note that the linear graph language given by the string language
{a®" /n > 0} is generated neither by a self cross-over graph system, nor by a
graph splicing system.

Proposition 2 : There exist linear graph languages generated by graph splicing
systems but not by any self cross-over system.

Proof : The proposition follows by observing that the linear graph language
{a™b™aPb? |n,m,p,q > 1} is not a self cross-over graph language as can be seen
by an argument similar to the one in [[2], Lemma 3.1], but is generated by graph
splicing system of Example 3.

Theorem 2. The family of self cross-over languages and graph splicing lan-
guages are incomparable, but not disjoint.

Proof : The result follows from propositions 1 and 2 and example 5. a
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