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ABSTRACT

This chapter looks at the question of managing errors that arise in DNA-
based computation. Due to the inaccuracy of biochemical reactions, the
experimental implementation of a DNA computation may lead to
incorrectly calculated results. This chapter explores different methods
that can assist in the reduction of such occurrences. The solutions to the
problem of erroneous biocomputations are presented from the perspective
of computer science techniques. Three main aspects of dealing witherrors
are covered; software simulations, algorithmic approaches, and theoretical
methods. The objective of this survey is to explain how these (vols can
reduce errors associated with DNA computing.
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INTRODUCTION

Biomolecular computing is a field that studies biologically based compu-
tational paradigms that serve as alternatives to the traditional electronic ones.
Biomolecular computing includes DNA computing (Adleman, 1994; Head,
1987), RNA computing (Faulhammeretal., 2000}, peptide computing (Balan
etal.,2002), and membrane computing (Paun, 2000). The main idea behind
DNA computing is that data can be encoded in DNA strands and molecular
biology tools can be used to perform arithmetic and logic operations.

Nearly adecade has passed since the field of DNA computing premiered
onthe scientific stage as the possible computational paradigm of the future. The
idea attracted research from a wide spectrum of mathematical and natural
sciences. However, the inherently complex nature of biological processes
tempered the advancement of the field, suggesting the development of
biocomputing will trail a path that is different from that of electronic computing
halfacentury ago. Itis becoming increasingly more apparent that most plausible
implementations of biocomputing are likely to produce some unexpected and
erroneous results. From chemical reactions in vitro that occasionally have
unpredicted output, to unforeseen problems in vivo, it seems that many errors
are notonly inevitable butalsoan integral part of the biological processes. The
purpose of this chapter is to provide a survey of the tools that computer
scientists offer for dealing with the imminent problem of managing errors in
DNA computing.

The battle for reliability of biomolecular computation and reduction of
errors can be fought on several fronts. Research is conducted to find better
ways toencodeinformationin DNA, to develop more efficient algorithms, and
to improve laboratory techniques, among other results. This survey does not
coverthe wide scope of research inchemistry, biology, physics, orengineering
thatcontributes to dealing with errors in biomolecular computing. Instead, this
exposition explores the tools that computer science offers us in managing the
errors thatarise in DNA computing processes.

Asingle strand of DNA (deoxyribonucleic acid) is amolecule made of a
sequence of nucleotides, also called bases. Four types of nucleotides are
presentin DNA, called adenine, guanine, cytosine, and thymine. These are
abbreviated as A, G, C, and Trespectively. A single strand of DNA is held
together by covalent bonds that keep the bases linearly attached to each other.
In addition, it is possible for hydrogen bonds to form between the A and T
bases, as well as between Cand G bases of two different strands. This property
isreferred to as the complementarity of nucleotides —that is, A and Tare said
to be complementary, and so are the C and G bases. Bonds between
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complementary nucleotides are called base-pair bonds. Unlike beads on a
string, asequence of nucleotides is distinct from its reverse. This property of a
DNA strand is called the polarity of a strand, and itimposes a distinction on
the two ends of the DNA molecule. The two ends of the strand are called the
3'-end and the 5'-end. Whenever the nucleotides of two sequences are
complementary and the strands have opposite polarities (orientation in space),
the strands will anneal (hybridize) to form adouble helix. Sequences with this
property are also called “Watson-Crick complementary™ in honour of the two
scientists whodiscovered the structure of DNA. See Watson et al. (1987) for
furtherinformation on molecularbiology.

Hybridization is one of the fundamental mechanisms used in DNA-based
computing. Using hybridization, along with other biochemical operations,
potentially general-purpose computations can be carried out (Freund et al,
1999). However, many of the designed experiments fail to produce the
anticipated computational answer. In this chapter, the discussion of errors in
DNA computing carries acomputational connotation and refers toevents that
lead to obtaining a computationally incorrect result. The source of errors
leading to incorrect answers can be anything from an inappropriate choice of
encodings of information into DNA strands to unsuitable experimental condi-
tions, Here we examine reducing the effect of such errors on the correctness of
the computed answer,

This chapter addresses the various aspects of managing errors in three
main sections examining software simulation, algorithmic, and theoretical
approaches. The software simulation tools described in the first section can
accomplish such activities as testing computation protocols. This testing verifies
protocol correctness before it is carried out in a laboratory experiment, thus
detecting potential errors. Certain errors in DNA computation can be avoided
by designing strands that prevent the formation of DNA secondary structures
(intramolecular bonds). Algorithms for constructing DNA sequences with this
property are mentioned in the second section of the chapter. Finally, the last
section gives an overview of theoretical methods aimed at reducing errors
caused by undesirable hybridization, This includes template-based sequence
design of code words and a study of bond-free DNA languages, followed by
adiscussion of future trends and research directions in the area.

More precisely, the software section of this paper looks at three different
programs: BIND, SCAN, and Edna. This is not acomplete list of programs
written for DNA computing purposes, but it provides an overview of the types
of problems that can be successfully addressed with software. The BIND
program’s main focusis to estimate DN A hybridization temperatures. Hybrid-
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ization is areaction present in all DNA computin g protocols. Understanding
under what conditions hybridization occurs involves knowing the hybridization
temperature of each reaction. Carrying out laboratory experiments at inappro-
priate temperatures is a common source of erroneous results. Prediction of
hybridization temperatures by BIND helps to avoid such problems.

A short overview of thermodynamics of DNA hybridization is also
included in this section. The SCAN program is desi gned to find DNA
sequences for computation that meet a required set of constraints. These
constraints include, forexample, the property of strands that avoid formation
of secondary structures. Another constraint is thatcomputation rules, encoded
in DNA sequences, should notinterfere with each other. If these constraints are
not met, the computation is likely toresult in errors. Finally, the simulation
software Edna can test DNA-based algorithms for possible errors. Edna
simulates biochemical processes and reactions that can occurduring alabora-
tory experiment. Testing laboratory protocols with Edna before the experimen-
talimplementation is conducted can avoid many errors.

Anotheravenue of research aimed at reducing errors in DNA computing
looks at methods of reducing the possibility secondary structures of DNA
strands. In particular, this problem arises when anumber of short DNA strands
attachtogether to form long strands. While the original strands may notsick to
eachotherinundesirable ways, the resulting strand may form bulges orloops.
The structure freeness problem for combinatorial sets asks whether, givenaset
of DNA words, aconcatenation of an arbitrary number of words from this set
will forma word thatleads to secondary structures. Algorithms that answer this
question are based on heuristic calculations of the free energy of aDNA strand.

Anentirely different approachto reducing errors related to DNA comput-
ing is offered by theoretical computer science methods. The question of
developing appropriate techniques for encoding datain DNA can be studied
inboth the formal language theory and the coding theory frameworks. The final
section of the chapter first explains a template-based design of DNA se-
quences, followed by an overview of the properties of DNA languages.

SOFTWARE APPROACHES

BIND Simulator

Hybridization of DNA strands is utilized in virtually all proposals for DNA
computation— both experimental and theoretical ones. Hybridization, other-
wise called annealing, is the process that forms a double-stranded DNA helix
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fromtwosingle-stranded DNA sequences, provided that certain conditions
apply. Almostall models of computing with DNA rely onanaccurate prediction
of whether some DNA sequences will anneal. The success of a given model,
therefore, directly depends on the correctness of this prediction.

While itis not easy to determine whether two arbitrary sequences will
anneal, some general principles can be considered. We can see if two single
strands of DNA anneal by checking if they are Watson-Crick complementary.
However, the picture of DNA hybridization is much more complex than that.
The length of the sequences makes a difference. If one sequence is longer than
another and the double strand has an unhybridized segment on its end — called
the sticky end —the stability of the helix is also affected. The concentration of
strands in the solution, the temperature at which the reaction takes place, and
numerous other factors also play a role. To complicate the situation further, it
isalso possible for nucleotides to form bonds with nucleotides other than their
complements. This situation is called a base-pairing mismatch. To get the full
piclure, new softwarc tools arc nceded to predict the likelihood of hybridization
of two strands.

One example of such software is BIND (Hartemink & Gifford, 1997),
which uses the Nearest Neighbour Model (NNM) of annealing to describe
hybridization of strands. For two DNA sequences, we can say that there exists
atemperature at which half of the strands in the solution are hybridized and half
arenot. This temperature is called the melting temperature for the given DNA
double helix. Melting is the opposite process of hybridization; it separates a
double strand into two single strands. The melting temperature is denoted by
T, NNM investigates thermodynamics of DNA hybridization and provides a
method for calculating 7). We shall now explain the principles of this model and
how itis used by the BIND software to determine 7},

Throughout this paper we will use a convention to write nn,..n/
mm,...m todenote the DNA duplex (i.e., adouble-helical segment) formed
by two complementary strands 5'- nn,...n - 3'and 3'- mm,...m, ~S’,
where n and m are individual nucleotides. When the duplex is formed with a
self-complementary strand (i.c.,n n,...n,=mm,_,...m ), theduplex is written
simplyasnn,...n,.

Originally introduced by Boreretal. (1974), NNM proposes that the most
significant contribution to helix stability comes from the order of nucleotides in
the helix. Helices with exactly the same base-pair composition can have
sufficiently different melting temperatures (SantaLuciu et al., 1996). The
difference in melting temperatures is attributed to the ordering of base pairs.
The term stacking interactionsis used in reference to the processes affecting
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the stability of base-pair bonds as aresult of neighbouring base-pairs interac-
tions. The order in which the base pairs are stacked is a primary factor
influencing duplex stability, according to NNM.

The basic idea of the model is that for short, single-stranded complemen-
tary sequences, hybridization happens like the closing of a zipper. Base-pair
bonds formone by one, gradually closing the DNA “zipper”. The model views
hybridization of two single strands as a sequence of smaller subreactions, each
one corresponding to the formation of a single base-pair bond. With this in
mind, the model uses characteristics of the smaller subreactions to estimate
melting temperature and other properties of the entire hybridization reaction.

To calculate the melting temperature for a strand, BIND considers the
thermodynamics of DNA hybridization. A single reaction of base-pair forma-
tion is the formation of hydrogen bonds between two complementary bases.
Each reaction has a number of characteristics associated with it, including
enthalpy, entropy, and Gibbs free energy. Thermodynamics is a study of the
interconversionsof various types ulenergy, and since these characteristics deal
withchanges intheenergy of the system, they are called the thermodynamic
parameters of the model.

We now explain these thermodynamic parameters. Enthalpy change,
denoted by A H®, of a reaction is the amount of heat released (exothermic
reaction) or absorbed (endothermic reaction) by the system. Entropy is a
measure of randomness or disorder. Spontaneous changes can be accompa-
nied by either anincrease or a decrease of entropy in the system. Change in
entropy is denoted by AS°, and hybridization of strands is a process increasing
the order of the system; therefore, AS® of hybridization reactions has a negative
value (corresponding toa decrease in disorder). Gibbs free energy (or simply,
free energy) describes the potential of a reaction to occur spontaneously. Each
chemical reaction that converts products into reactants also happens in the
reverse direction simultaneously, but at a different rate. When the rates are
equal, the systemisinequilibrium.

A simple example of a system in equilibrium is a bucket of water at zero
degrees with some ice in it. While nothing happens visibly, there are two
reactions going on — some ice is melting and some water is freezing. DNA
hybridization works in a similar manner. The melting temperature of a DNA
helix is defined as the temperature at which half of the DNA strands in the
solution are anncaled and halfare not. The system is atequilibrium. Some single
strands are annealing, some double strands are melting, but the rates of reaction
of both forward (annealing) and reverse (melting) reactions are the same. When
asystem is not atequilibrium, one direction of the reaction is spontaneous; it is
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the one we observe. The change in Gibbs free energy, denoted by A G2
determines whetherthe system is atequilibriumor not. A G° is the free energy
of products minus the free energy of reactants. Inour case, the products are the
annealed double strands and the reactants are the single double strands. For the
forward direction to occur spontaneously, A G° has to be negative. When AG®
iszero, the system is atequilibrium. If A G° is positive, then the reverse reaction
(melting) will occur spontaneously.

Gibbs free energy has a close correlation to melting temperature. The
stronger the bond of a DNA duplex (double-stranded segment), the higherits
melting temperature and the greater the change in free energy of the hybridiza-
tion reaction, Another way to say this is that aduplex folds into a structure that
has the lowest free energy.

Sohow does the BIND software use these thermodynamic parameters to
calculate melting temperature? As already mentioned, NNM used by BIND
views hybridization as the closing of a zipper. The formation of each new base-
pair bond is examined as a separate reaction. The complete sequence of base-
pair formation reactions together makes up the hybridization process. For
example, hybridization of ATG/TACis viewed as the initiation reaction forming
A/T, then forming T7A, and finally G/C. The three mini-reactions together are
equivalent to the hybridization reaction. In this model, the base-pair bond
formation reaction depends only on the base pair formed immediately prior to
it, but not on any of the future ones. That is, the free ends of the zipper do not
participate in the formation of a single base-pair bond and neither does the
other, closed end of the zipper. The only factor in a new base-pair bond
formation reaction is the preceding base pair next to which the new pair is
stacked. Thatimmediately preceding base pairis called the nearest neighbour
and is the source of the model’s name.

AG” for the hybridization of the entire duplex is calculated as the sum of
AG? of the mini-reactions plus some extra parameters accounting forinitiation
of the first pair. The other two parameters are calculated similarly. BIND
calculates the melting temperature 7, as follows:

T = A
w T AS*+RIn([Cy)/4)

Inthisequation, R is the Boltzmann's constantand C, is strand concentra-
tion. If[Na*] concentrations differ from 1M, there is an adjustment term, which
is added to the equation.

Copyright © 2005, Idea Group Inc. Copying or distributing in print o electronic forms without writien
permission of Idea Group Inc. is prohibited.



DONA Computing and Errors: A Computer Science Perspective 63

The BIND program can helptest any computational protocol that is based
onsite-specific annealing. Forexample, it has been used to verify asticker-
based model of DNA computation described by Roweis et al. (1996). The
model design involvedalong template sequence and five short DNA sequences
that are supposed to anneal to the template at specific locations. These
locations are exactly complementary to the sticker sequences. BIND success-
fully verified that the sticker sequences would not be able to incorrectly anneal
atany other template location. The program predicted melting temperatures for
the sticker sequences and produced a temperature range at which no erroneous
binding could occur.

The SCAN Program

One of the common problems with designing DNA-based computational
components is to select those sequences that are best suited for computation
and yield the most reliable results. The SCAN program (Hartemink et al.,
1999) assists in this task by scanning a vast space of possible designs and
selecting those that meet a large set of constraints.

Consider the design of a unary counter, as proposed by Hartemink et al.
(1999). The design is based on the technique of programmed mutagenesis,
whichis asystematic rewriting of a DN A sequence based on aset of rules. The
rewriting is sequential, with rules devised in a way that allows all rules to be
presentin the solution. Ata givenstep in the computation, only the valid rules
can enter into a reaction, The unary counter consists of a sequence, called a
template, of 12mer DNA strands. (A 12mer is a single strand of 12 nucle-
otides.) There are three types of participating 12mers, denoted X, ¥, and Z,
with Zrepresenting number zero and X and Y representing number one. The
initial template contains only the Z 1 2mers. Ateach consequent stage of the
computation, one Z 1 2meris replaced by either X or ¥, incrementing the counter
by one. This particular designemploys two rules, encoded as sequences called
primers. Each step of the computation involves the annealing of one of the
primers to the current template and an extension of this primer to synthesize a
new strand. After the DNA duplex is melted, this extended strand becomes the
new template in the subsequent step of computation.

In this design, the first decision that has to be made is to select the X, ¥,
and Z sequences, as well as the primers. The fundamental property of
programmed mutagenesis is that annealing of a primer to the template needs to
include mismatches; otherwise, the original template would never be modified.
Programmed mutagenesis is an example of a method that uses errors in
biomolecularoperations to facilitate the essential features of the computation.
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The selection of a mismatch location plays an important role. If the bond
between the primer and the template is too unstable, the extension of the primer
will not be successful. The SCAN program considers many candidate se-
quences for the unary counter and selects the best ones. Another condition that
must be met by the design is that the sequences used as rules of computation
must be present in the solution simultaneously. The rules that are not actively
used in acomputational step should not be interfering. In particular, inactive
rules should not be able to bind to the template sequence at any location. The
sequences used in the design must have a low chance of forming secondary
structures. This is necessary since asequence that binds to itself atany pointin
the computation becomes unusable. Finally, this design of the unary counter is
included as part of a plasmid, or a circular DNA molecule. That is, the DNA
sequence encoding the unary counter is incorporated into the sequence of the
plasmid. This plasmid needs to be chosen so that primers donotbind to it. The
SCAN program tests all of these constraints. For the unary counter, SCAN
examined uver 7.5 billion design candidates and narrowed the choice down to
nine candidates that satisfied all of the required constraints.

Edna

One of the most natural attempts to understand and improve the processes
involved in DNA computing is to simulate the procedures and chemical
reactions that take place in the laboratory. An actual laboratory experiment,
whether successful or not, may take weeks or even months to conduct. At this
stage of biomolecular computing, advancements in the field are made through
trial and error processes. A large number of trials to learn from is therefore
conducive to further progress. Having simulation software thatcan closely
resemble laboratory procedures allows the opportunity to gain insight into wet
labexperiments without spending the time required to carry out the experiments
themselves.

One example of such software is Edna (Garzon & Ochmen, 2001), a
simulation tool that uses a cluster of PCs and demonstrates the processes that
could happenintest tubes. Edna can be used todetermine if a particular choice
of encoding strategy is appropriate, to test a proposed protocol and estimate
its performance and reliability, and even to help assess the complexity of the
protocols. Test tube operations are assigned a cost that takes into account
many of the reaction conditions. The measure of complexity used by Ednais the
sum of these costs added up over all operations in a protocol. Other features
offered by the software allow the prediction of DNA melting temperature,
taking into account various reaction conditions. One of the crucial properties
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of Edna s that all molecular interactions are local and reflect the randomness
inherentin biomolecular processes. The test tube reactions simulated by Edna
canbe carried outin the virtual test tubes under a variety of reaction conditions.
Temperature, salt concentrations, and strand concentrations can be adjusted
asnecessary. Testing the scalability of a proposed protocol is another appli-
cation of Edna.

In addition to the software described (BIND, SCAN, and Edna), a
number of other software packages can aid in biomolecular computing. A DNA
sequence compiler (Feldkamp et al., 2001a), a DNA sequence generator
(Feldkampetal,, 2001b), and the NACST/Seq sequence design system (Kim
etal., 2002) are some examples of these.

ALGORITHMIC METHODS

Structure-Free DNA Word Sets

Itis possible that within asingle-stranded DNA molecule some segments
will bind to other segments of the same molecule, forming loops, bulges, and
other shapes. This process involves the formation of base pairs within a single
DNA strand and the folded structure is referred to as the secondary structure
of DNA (see Figure 1). For a given molecule, there may be several possible
secondary structures. Moreover, each formed structure is not necessarily
stable; it may partially fold, then unfold, and, finally, refold into adifferent
structure. Exactly how this happens depends on which segments of the
molecule are Watson-Crick complementary and where these segments are
located within the molecule.,

Formation of secondary structures is an important factor to be considered
in the designs of DNA-based computation. Suppose astrand is intended to be
used for computation by interacting with other strands, and instead it folds into
asecondary structure. It follows that this strand becomes useless for compu-
tation and introduces errors into the process. Therefore, a major effortin DNA
computing is directed towards the study of how to predict and avoid secondary
structuresin DNA.

While there have been algorithms proposed for predicting the secondary
structure of RNA and DNA, a new twist to the problem arises in the context
of DNA computing, The structure freeness problemis propused by Andronescu
etal. (2003). Suppose that we have aset §,containing DNA single strands, and
they all have length /. We have ¢ such sets — that is /< i < 1. Note that the
lengths /, need not be the same. Let S be the cross product of these sets, or
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Figure 1. Secondary structure of a DNA molecule (dotted lines are base
pairs, and solid lines form the backbone)

Haipin Loop Multibranched Loop

Insemal Loop

External Base

§=8,x8,x... x §,. The structure freeness problem for combinatorial sets
asks if the strands in the set S ure [1ee from sccondary structure. The goalisto
choose sets S, ina way that ensures no secondary structure for strands from S.

One example where the structure freeness problem arose in DNA com-
putation was in solving the satisfiability problem (Braich et al., 2001). The
satisfiability problem asks, given Boolean expression, if there exist value
assignments that make this formula true. The solution involved six word pairs,
where each word is a 1 Smer. These words were used to construct new strands
by choosing one word from each pair and concatenating these six words to form
long strands of length 6 * 15 nucleotides. Since there are two words to choose
from and six pairs in total, there are 2° resultant strands. This is a particular
instance of the structure freeness problem as formulated earlier, and it can be
solved using the algorithm by Andronescu etal. (2003).

The algorithm is based on calculating the free energy of the secondary
structure and uses thermodynamic parameters somewhat similarly to the
techniques used in predicting the melting temperature of a DNA duplex, as
described earlier. DNA tends to fold into structures with the lowest freeenergy.
The free energy of aloop can be experimentally established, whichis done for
common types of loops, such as hairpin loops, multibranched loops, internal
loops, bulges, and other shapes encountered in secondary structures. The free
energy of the secondary structure is calculated as asum of the free energies of
the component loops. In this model it is assumed that the free cnergy of a given
loop does not depend on other loops. The strand is suid (o have sccondary
structure if the free energy corresponding to that strand is positive, and is said
to be structure-free if the free energy is a negative value.
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The algorithm for solving the structure freeness problem is based on
dynamic programming techniques. Itruns in O(n’) time and is a practical tool
for testing if a proposed word set meets the required condition of avoiding
secondary structures in computation.

Design of DNA Code Words

In surface-based strategies for DNA computing, DNA molecules are
attached toasurface, such asachemically modified gold film (Liuetal., 1998).
A large quantity of unattached DNA molecules is placed in the same solution.
Some of these molecules can be selected via hybridization to the complemen-
tary surface molecules and a subsequent removal of unhybridized molecules.
Selected molecules inthis case represent solutions to combinatorial problems.

Inthese types of experiments there is an assumption that a strand will bind
toits perfect Watson-Crick complement. This is not always the case and can
be the source of potential errors. Suppose there are molecules in the solution
that differ by only one nucleotide, It is possible that the surface molecule
complementary to one of them can just as easily bind to another molecule, The
problem is that a mismatch in a single nucleotide location does not prevent
hybridization from occurring. One way to avoid this situation is to ensure that
any two molecules in the solution differin more than one location. This property
can be formalized in terms of the Hamming distance, denoted H(w, w,) and
defined as the number of locations in which two given words w,and w, are
distinct. In this definition, the two words must be of equal length, H(w,, wz) 2d
means that word w differs from word w, in atleast d places. For aset of words
S, the Hammmgdmance constraint (HD) requires thatany two words w, and
w, in the set S have H(w, w,) 2 d.

The othertype of error thal can arisein surface-based computing is for the
unattached molecules in the solution to bind to each other, instead of hybridizing
to those on the surface. This occurs between molecules w, and w, that are
Watson-Crick complementary. More specifically, w, is the reverse comple-
ment of w,, which is defined as the reversed sequence of w,, where each
nucleotide is replaced by its complement. The reverse complement ofw,is
denoted by wee(w,). The reverse complement Hammmg distance constraint
(RC) requires that forany two words w, and w, in the set S, we have H(w,
wee(w,)) 2 d.

Another consideration in surface-based computing is that hybridization to
different surface strands should occur simultaneously. Thisimplies that respec-
tive melting temperatures should be comparable for all hybridization reactions

Copyright © 2005, Idea Group Inc. Copying or distributing in print or electronic forms without wrilten
permission of Idea Group Inc. is prohibited.



68 Kari, Losseva, & Sosik

thatare taking place, Thisis the third main constraint that the set of words under
consideration needs to adhere to.

To address the design of DNA code words according to these three
constraints, Tulpan et al. (2003) propose an algorithm based on a stochastic
local search method. The melting temperature constraint is simplified to the
constraintrequiring that the number of C and G nucleotides is 50 percent. The
algorithm produces a set of DNA words that satisfy one, two, or all three of the
noted constraints, as required. The difficulty with nonstochastic methods for
solving this problem is that there is no known polynomial-time algorithm forit.
This problem, as many other optimization problems, is NP-complete. Stochas-
tic methods, however, prove to be an effective alternative,

The algorithm takes as input the number of words needed to produce and
the word length. Italsotakes asinput the set of combinatorial constraints that
must be satisfied. The first step of the algorithm is to produce a random set of
k words. This set is then iteratively modified by decreasing the number of
constraint violations at each step. More specifically, two words w, and w, are
chosen from the set that violate at least one of the constraints. (If such words
cannotbe found, the algorithmterminates.) Witha probability 8, called the noise
parameter, one of these words is altered by randomly substituting one base.
This substitution, of course, does not necessarily improve the set. Alternatively,
with probability 1 -0, one of w, orw, is modified by substitution of one base
in a way that maximally decreases the number of conflict violations. The
algorithm terminates either when there are no more conflicts in the set of words
or when the number of loop iterations has exceeded some maximum threshold.

One drawback of this algorithm is that it may stagnate towards theend in
the sense that noimprovements to the word set are made after a certain number
of steps. This stagnation effect can be overcome by replacing a subset of the
words from the set at the point of stagnation with randomly generated words
and restarting the algorithm until it reaches the next stagnation. Empirical results
prove this technique to be effective. The noise parameter 6 is empirically
determined to be optimal as 0.2, regardless of the problem instance.

THEORETICAL STUDIES

DNA Sequence Design

The design of DNA sequences optimal for computation can be done with
the aid of software, as described in earlier sections. However, some refinement
can be added to the process by appealing to theoretical methods. One
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technique complementary tothe algorithmic construction of DNA sequences
uses template-based design (Arita & Kobayashi, 2002). The goal, once again,
istocreate aset S of words of length / over a four-letter alphabet ¥ = (A, C,
G, T} that are as dissimilar as possible. The degree of similarity can be
measured with the Hamming distance or some other suitable metric. Itis also
important that melting temperatures for different pairs of strands are in close
proximity. For the purposes of this particular template-based design, it is
assumed that similarity of melting temperatures can be achieved by standard-
izing the GC content of strands. That is, all strands are required to contain an
equal proportion of G or C nucleotides with respect to the numberof Aand T
nucleotides. This tactic is motivated by a so-called 2-4 rule that says that the
melting temperature for ashort (14 to 20 base pairs) DNA duplex is roughly
equal to two times the number of A-Tbase pairs, plus four times the number of
G-C base pairs.

The template method creates a set of DNA sequences in two separatc
stages. ln the first stage, a template is chosen according to specific criteria, The
template is asequence over the binary alphabet, where the digit / indicates the
location of either A or I'nucleotide and 0 indicates the place of Cor G. In the
second stage of the design process, an error-correcting code over the binary
alphabet is chosen with words of the same length as that of the template. Each
code wordis used in combination with the template to create a DNA sequence.
The “1" locations in the code word mark places where either A or G will be
selected in the future. The “0” locations indicate that the choice will be between
Tand C. Consider an example template 110100 and code word 101010. The
choice of the template implies the sequence is [AT] [AT) [GC] [AT) [GC]
[GC], where [AT] means that either A or T'is present in that location, and
similarly for[GC]. The choice is made according to the template word: letters
in the odd-numbered locations are picked to be A or G, and those in even
locations are picked as 7' or C. The resulting DNA sequence is, hence,
ATGTGC. This procedure is followed for each code word in order to obtain
the resulting set of DNA sequences. Notice that all sequences will have an
identical GC content, as determined by the template.

There are two separate tasks involved in this method. One is to find a
suitable template, and the other is to find an error-correcting code of length 1.
The latter of these tasks is a well-studied problem in coding theory, so the
remaining challengeis in finding a good template, What is a good template in this
case” Itisabinary string xof length /that sufficiently differs from its reverse x*
and from any overlap of its concatenation xx, with possibly reversed occur-
rences: xx*, x*x, or x*x*. More formally, the mass of x is defined to be:
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mass(x) = min [ H(x, x%), H (x, xx), H (x, x"x*), H (x, xx¥),
H, (x, x*x) ].

In this definition, //is the Hamming distance between two strings of equal
lengths. Inorderto apply a similar measure for strings of different lengths, the
measure f, (i,v) (thoughnotadistance) is defined as the minimum Hamming
distance between u and substrings of length lul in v. What we are looking for
is the template x such that mass(x) = d, This will ensure that the sequences in
the constructed set § differ from other sequences, their concatenations, and
reverse complements in at least d locations.

Theoretical analysis methods suggested by Aritaand Kobayashi (2002)
make it feasible touse an exhaustive search to find an appropriate template, as
the search space is significantly reduced. A list of suitable templates is made
available by the authors. The number of sequences constructed with this
method is limited to the size of the code used. However, itis possible to use
multiple templates simultaneously, provided that they are significantly different.
A limitation of the template-based sequence design is that it ignores the
possibility of strands forming secondary structures.

Different methods of construction are described in Kari et al. (2003b).
First, a stronger dissimilarity of sequencesin a set K is required —each two
subsequences w, and w,of a fixed length / must satisfy the RC constraint (see
the previous section), meaning H(w , wee(w,)) 2 d. Atthis point, the set Kis
called (8,H )-bond-free. The number d expresses the degree of dissimilarity
—the number of mismatches per each / members of a sequence. Suppose that
d mismatches (noncomplementary pairs of nucleotides) are enough to prevent
astable bond between any two (sub)sequences of length /. Then the (6, )-
bond-freedomensures that the strands in K can form neither (partial) duplexes,
nor astable secondary structure.

One of the most interesting construction methods based on (8,H 4 )-bond-
freedomrelies on the operation of subword closure. Consider a set Sof single
strands of a fixed length /. Its subword closure $¥is the set of all the possible
strands with at least / nucleotides, such that each subsequence of S of length
lisin S. The following importantresultholds: if Sis (6,/, )-bond-free, thenso
is §¥. Moreover, $¥is regular and its description (finite automaton or regular
grammar) can be constructed from Sin linear time. This description allows a
rapid construction of (0,/1, )-bond-free sets. Assume that we want to construct
a(8,H_,)-bond-freeset of strands of a fixed length k= /. There isanalgorithm
that at each k steps produces one such strand. Moreover, this construction
method also produces maximal (8,1 )-bond-free sets. Such a set is called

Copyright © 2005, Idea Group Inc. Copying or distributing in print or electronic forms without writien
permission of Idea Group Inc. is prohibited.



DNA Computing and Errors: A Computer Science Perspective 71

maximalifno further sequence can be added without violation of (6,H ,,)-bond
freedom. This result can be strengthened as follows: if Sisa maximal (0,.H e
bond-free set, then so is §*. Hence, with respect to the amount of produced
strands (of a given length) that are free of all mutual (partial) bonds, this method
is provably optimal.

DNA Languages and Their Properties

A set of single-stranded DNA sequences can be viewed as a formal
language over a four-letter alphabet A = {A, C, G, T}. Foranintroduction to
formal language theory, the reader is referred to Hopcroft et al. (2001).
Theoretical studies of language properties can shed light on some characteris-
ticsof molecularinteractions and aid in the desi gnofencoding strategies. Some
representative studies include those by Kari et al. (2003) and Jonoska and
Mahalingam (2002). The hybridization of two single strands is formalized by
defining afunction 8, which acts on a sequence over the A alphabetto producc
the reverse complement of the original string. Forexample, 8 (ACCTGACT)
= AGTCAGGT, which corresponds to the fact that the two sequences
ACCTGACT and AGTCAGGT would hybridize to form a DNA duplex.
While this function attempts to formalize the hybridization process to facilitate
theoretical analysis, it has many limitations. It does not take into account base-
pair mismatches that can occur during hybridization. The lengthofthe strand is
also nottaken intoaccount. This function merely reflects the property that if 6(u)
= v, thenuand vare Watson-Crick complements. The relative simplicity of this
function provides several advantages. It allows us to reason about DNA strand
interactions theoretically. Consider, forexample, the stage of a programmed
mutagenic unary counterin which a primer hybridizestothetemplate. If s the
template and w is the primer, then the template can be written as u = x6(w)y
for some nonempty strings xand y. A helpful feature of 8 is that it happens to
be an antimorphism, whichisa type of function such that 8(uv) =0(v) 8(u). This
isauseful and well-understood property of functions. Another property of 8is
that 67 is the identity function. A function for which this is true iscalled an
involution. Therefore, 0 is an antimorphic involution,

The question addressed in earlier parts of this chapter can be asked again
from the theoretical perspective. How can we design DNA sequences that
minimize undesirable hybridizations?

First, we need to introduce some notation. An alphabet is a finite,
nonempty setof symbols. Let £ be an arbitrary such alphabet. Then 3" denotes
the set of all words over this alphabet, including the empty word A, §.* is the
same as X', but without the empty word.
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Suppose we want to avoid the type of hybridization shown in Figure 2. A
language Lis defined (Kari etal., 2003) to be 8-compliantif for all words win
L, and words x and yin ¥°, we have that w, x8(w)ye L imply xy =A. In this
definition, ¥ is an arbitrary alphabet and 0 is taken to be any antimorphic
involution, If X is taken to be the DNA alphabet A, then this property is
essentially saying that if two DN A sequences could form a structure such as that
shown inthe figure, then the unhybridized ends of the longer strand (these are
called sticky ends) are of length zero. That is, only the special variant of this
structure could occur, as shown by Figure 3.

A language L is said to be 8-nonoverlapping if LN 8(L)=@. A language
thatis both B-compliant and 8-nonoverlapping is called strictly 8-compliant. In
the contextof the DNA alphabet, a strictly 8-compliant language over A avoids
both of the structures in Figures 2 and 3.

Depending on which type of annealing needs to be avoided, a different
language property can be defined. For example, a language is called 6-3'-
overhang-free if the following condition holds: Vwe ¥°, x, ye X" when wx,
O(w)ye Limpliesxy=A.

When X = A and @is the Watson-Crick antimorphic involution, a language
is 0-3’-overhang-free when the structure shown in Figure 4 is avoided. In this
DNA structure, a DNA duplex has two overhanging unhybridized ends, These
sticky ends are the 3’ -ends of the molecules.

Figure 2. A language L is@-compliant if it avoids this structure

Figure 3. Pattern allowed in a 8-compliant language, but not in a stricily

8 -compliant language

Figure 1. Pattern avoided in a 8-3"-overhang-free DNA language

o« LTI i
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Many other language classes have been similarly defined and their prop-
erties studied.

Recently, a more general property of languages, called the bond-free
property, was introduced by Kari et al. (2003a). A class Pof languages over
Y. is called a bond-free property of degree 2 if there exist binary word
operations 9, and 0, , such that foran arbitrary Lc T', Le 7 holdsifand only
if Vwe X*, x, ye Z (wO xnlz D, wl ynO(L)#Q) implies xy=A.
The “degree 2" in the name refers to the fact that binding interaction occurs
between two DNA strands. To see how this property can generalize other
properties, consider the 8-3’-overhang-free property asanexample. Let w0, x
={wx}and wO‘p y={yw}. Thenthe definition of bond-free property of degree
2isinstantiated as:

Vwe I, x, ye L', (wx}nL# @, {yw} N6 (Ly* & imply xy=A.
Thisisthe same as:
Vwe I*, x, ye ', wxe L, ywe 0 (L) imply xy = A.

If 6 is antimorphic, then ywe 6 (L) if and only if 0(w) 8 (y)e L. Note that
xy=DRAonlyifx8(y)=A, whichmeans that choosing w0, _x={wx}and w0 ¥
= {yw} in the definition of bond-free property of degree 2 reduces itto the
definition of 8-3'-overhang-free property.

This definition of bond-free property of degree 2 covers many interactions
between two DNA strands. Ten various DNA language properties, such as 0-
compliance, 8-3"-overhang-freedom and others, were shown to be its special
cases. Moreover, it offers some general solutions addressing DNA sequences
withoutundesirable hybridizations.

Assume, for instance, that there is a certain set of DNA sequences. We
wanttotest theoretically (without experiments) whether undesirable bonds of
any mentioned type may occur between a pair of sequences in this set. If the
setis finite oreven regular, then the existence of an effective (quadratic time)
testing algorithm was proven. Inreality, of course, we always deal with finite
sets of DNA sequences. The generalization to regular sets, however, mightbe
important. These sets can be very concisely described by means of regular
grammars (or finite automata). Hence, for large sets of DNA strands this
concise description allows us to run the algorithms much faster. Also the
maximality problem already mentioned in the previous section was addressed.
For instance, consider any finite 8-compliant set of DNA sequences. There
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exists an effective (cubic time) algorithmtodecide whether new sequences can
be added to this set without loss of B-compliance.

Suppose we use codes (languages with the property that a catenation of
words from alanguage has a unique factorization over this language) that have
the language properties we have described. What may happen during the
course of computation is that the properties initially present deteriorate over
time. This leads to another area of study, which investigates how bio-operations
suchascutting, pasting, splicing, contextual insertion, and deletion affect the
various bond-free properties of DNA languages. Invariance under these bio-
operations is studied by Kari et al. (2003). This paper also discusses how to
add error-detecting capabilities to the codes with these properties. Other
studies of coding properties of DNA languages are those by Head (2002) and
Hussini etal. (2003). Bounds on the sizes of some other codes with desirable
properties that can be constructed are explored by Marathe et al. (2001).
Earlier results on code sizes can be found in the work of Baum (1998) and
Garzonetal. (1997).

CONCLUSION AND FUTURE TRENDS

This chapter presents an overview of computer science methods that can
help reduce errors associated with DNA computing. These methods include
software that can find optimal encodings with properties conducive to the
reduction of errors, algorithmic tactics to deal with errors, and recent studies
of language properties desirable for codes in DNA computing.

Itis important to remember that since this computational paradigm is
biological in nature, the biochemical methods of dealing with errors are of
paramountimportance. Indeed, in nature the DNA processes occurring in living
organisms only rarely lead to uncorrectable errors, such as carcinogenic
mutations. Itis remarkable, and almost miraculous, that DN A-related errors in
nature are frequently either correctable or inconsequential. Hence, a bi g
question that remains is to understand what error-detecting and error-correct-
ing mechanisms are present in vivo. Since the theory of codes offers a wealth
of knowledge in error detection and correction, itis only natural to attempt to
apply itto DNA-based languages. More studies of these codes are likely tobe
carried outin the future.

Itis hoped that the strategies described in this chapter can eventually
reduce the gap between errorrates in nature and those in computational desi gns
carried outin vitro, or at least, explain why the gap is there.
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