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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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