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Abstract:  We introduce a probabilistic approach to simulate molecular biological processes
controlled by appropriate statistical parameters. Our approach considers molecular biologi-
cal processes based on strands of deoxyribonucleic acid (DNA): oligonucleotide synthesis,
annealing, melting, union, ligation, digestion, strand end labeling, polymerisation, affinity
purification, and gel electrophoresis with regard to frequently used laboratory techniques.
The simulation on the molecular level allows prediction of experimental results including
side effects that can occur in the laboratory. Fields of application consist in experimental
setup for genetic engineering as well as particularly in DNA computing. We point out that
object oriented simulation is preferably suited for modeling those processes.
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1 Introduction are used as operations on DNA. DNA computing

DNA based recombination techniques enable ge- features by its massive data parallelism (up to

netic engineering and led to a huge progress in
medicine and agriculture. The success of labo-
ratory experiments significantly depends on the
ability to predict the outcome of a series of mo-
lecular biological reactions and processes. Since
those reactions and processes run in a nonde-
terministic manner using stochastic collisions of
molecules, a reliable and efficient preparation of
laboratory experiments with precise and repro-

10*' molecular operations per second), because
one operation can affect all DNA strands inside a
test tube in parallel. Furthermore, DNA owns a
persistent high storage capacity and density (up
to 102° base pairs per litre), and its processing
is very energy efficient, environmentally friendly
and without any mechanical wear. DNA algo-
rithms are sequences of DNA operations with ap-
propriate DNA single or double strands encoding
the input data. The output is done by deter-
mination of the strand lengths using gel elec-
trophoresis or even by determination of the se-
quence of nucleotides (A, C, G, and T) the fi-
nal DNA strands consist of. NP problems (com-

ducible results is seen as one of the main scientific
and economic challenges.

Inspired by the potential of DNA based recom-
bination techniques, computer science also profits
from the molecular biology. DNA computing,
originated by L.M. Adleman [1], emerges as a
promising idea how to compute: DNA serves as a
data carrier and storage medium for information,
and molecular biological reactions and processes

binatorial problems) can be solved in polyno-
mial time using DNA computing. Practical ex-
periments succeeded promising in general, but
any molecular biological operation used for DNA



computing seems to be closely connected with
certain unwanted effects on the molecular level.
Typical side effects are for instance unwanted
additional DNA strands, loss of wanted DNA
strands, artifacts, mutations, malformed DNA
structures or sequences, impurities, incomplete or
unspecific reactions, and unbalanced DNA con-
centrations. Unfortunately, side effects can sum
up in sequences of DNA operations leading to un-
precise, unreproducible or even unusable final re-
sults [6]. Coping with side effects can be seen as
the main challenge in the research field of experi-
mental DNA computing. DNA computing par-
ticularly convinces by its practicability of labora-
tory implementations based on a formal model of
computation [4].

We have analyzed processes used in DNA com-
puting at the molecular level in laboratory studies
with the aim to specify these processes as de-
tailed as possible. Based on this knowledge, we
have developed a simulation tool of real occurring
molecular biological processes considering side ef-
fects. Side effects are described by appropriate
statistical parameters. The comparison of simu-
lation results with real observations in the la-
boratory shows a high degree of accordance [3].
Using the simulation tool, prognoses about resul-
ting DNA strands and influences of side effects
to subsequent DNA operations can be obtained.
The number of strand duplicates reflecting DNA
concentrations is considered as an important fac-
tor for a detailed description of the DNA com-
puting operations on the molecular level in the
simulation. This property allows to evaluate the
quantitative balance of DNA concentrations in a
test tube. The simulation considers the DNA
based reactions and processes synthesis, annea-
ling, melting, union, ligation, digestion, labeling,
polymerisation, affinity purification, and gel elec-
trophoresis.

2 Molecular Biological Processes

Biochemical reactions on DNA are generally
caused by collisions of the reactants 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 ener-

gy potential. Thus the vis viva of the molecules
inside the test tubes increases and they be-
come more moveable. A microscopic approach
has to estimate the probability of an inter- or
intra-molecular reaction for all combinations of
This can be
done by generating a probability matrix whose
elements identify all possible combinations how

molecules inside the test tube.

molecules can hit to react together. The pro-
babilities for a reaction between the molecules
forming a combination depend on many parame-
ters e.g. chemical properties of the molecules,
their closeness and orientation to each other and
the neighbourship of other reactive molecules.
After creating the matrix of molecular reaction
probabilities, a certain combination with accep-
table probability > 0 is selected randomly ac-
cording 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 re-
action probabilities is generated and so on. The
whole reaction can be understood as a consecu-
tive iterated process of matrix generation, selec-
tion 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 processes implies side
effects and a nondeterministic behaviour in a na-
tural way. The simulation tool adapts this basic
idea to model processes of DNA computing on the
molecular level controlled by suitable parameters.

A simple annealing example should illustrate
the idea how to simulate DNA operations closed
to the laboratory. Annealing (hybridization) is
a process that pairs antiparallel and complemen-
tary DNA single strands to DNA double strands
by forming hydrogen bonds between opposite
oriented complementary bases. Let assume that
the input strands are arranged in spatial equipar-
tition and that one molecular reaction affects
max. 2 DNA molecules at once. Figure 1 shows
the first iteration of process simulation. DNA
single strands are denoted in 5’-3’ direction.

The matrix derived from the test tube contents
lists the probabilities for inter- resp. intramole-
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Figure 1: annealing example of process simulation, one iteration of the process cycle

cular collisions that can result in molecular re-
actions for all combinations of molecules. Sub-
sequently, one combination is selected randomly
with respect to the probability distribution. The
example uses the collision marked by a grey back-
ground. For this selected combination, all pos-
sible 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 bonding rate de-
scribes the process parameter of annealing. The
annealing example should point out the princi-
ple how to model molecular biological processes.
Other reactions resp. processes can be described
in a similar way. Our studies include the DNA
operations listed above. They affect as follows:

synthesis: generation of DNA single strands
(oligonucleotides) up to maximum approxi-
mately 100 nucleotides; there are no limi-
tations to the sequence. Most methods use

the principle of a growing chain: Fixed on
a surface, the DNA single strands are con-
structed by adding one nucleotide after the
other using a special coupling chemistry. Fi-
nally, the DNA single strands are removed
from the surface and purified.

annealing: pairing of minimum two antiparal-
lel and complementary DNA single strands
or single stranded overhangs to DNA dou-
ble strands by forming thermic instable hy-
drogen 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 com-
plementary 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 antiparal-
lel complementary sticky or blunt DNA dou-
ble strand ends with 5’ phosphorylation; en-
zym DNA ligase catalyzes the formation of
covalent phosphodiester bonds between jux-
taposed 5’ phosphate and 3’ hydroxyl termini
of double stranded DNA.

digestion: cleavage of DNA double strands on
occurrences of specific recognition sites de-
fined by the enzym; all arising strand ends
are 5’ phosphorylated. Enzym type Il re-
striction endonuclease catalyzes the break of
covalent phosphodiester bonds at the cutting
position.

labeling: set or removal of molecules or chemi-
cal groups called labels at DNA strand ends;
enzym alkaline phosphatase catalyzes the re-
moval of 5’ phosphates (5’ dephosphoryla-
tion). Enzym Polynucleotide Kinase cataly-
zes the transfer and exchange of phosphate
to 5" hydroxyl termini (5’ phosphorylation).
Beyond phosphate, 5’ biotin can be used in
a similar way.

polymerisation: conversion of DNA double
strand sticky ends into blunt ends; enzym
DNA polymerase (e.g. New England Bio-
labs) catalyzes the replenishment of recessed
3’ ends and the removal of protruding 3’
ends.

affinity purification: separation technique
that allows to isolate 5’ biotinylated DNA
strands from others; biotin binds very easily
to a streptavidin surface fixing according la-
belled DNA strands. Unfixed DNA strands
are washed out and transferred to another
tube.

gel electrophoresis: physic technique for sepa-
ration 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 molecu-
lar weight that means on their length. Af-
ter switching off the DC voltage, the DNA

is separated by length inside the gel. Dena-
turing 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 big-
ger pores process DNA double strands with
precision of measurement ~ +10% of the
strand length.

Molecular biological processes annealing and
ligation induce interactions between different
DNA strands. They are able to produce a variety
of strand combinations. Other DNA operations
listed above affect the DNA strands inside the
test tube independently and autonomously.

3 A Probabilistic Approach to
Modelling the Processes

Every DNA operation above is specified by ope-
ration parameters and statistical side effect pa-
rameters. T'he operation parameters characterize
the process behaviour and give any necessary in-
formation to perform the operation itself. The
operation parameters correspond to the defaults
of the laboratory protocol that can be adjusted
or choosen directly. In contrast, additional side
effect parameters classify the intensity of the non-
deterministic process behaviour in a statistical
way. Any DNA operation is usually performed
inside a test tube. Following parameters are used
with regard to their significant occurrence in the
operations:

synthesis: op. parameters: tube name, nu-
cleotide sequence (5’-3’), number of strand
copies; side effect parameters: point muta-
tion rate, deletion rate, maximum deletion
length (in % of strand length)

annealing: op. parameters: tube name, mini-
mum bonding rate for stable double strands,
maximum length of annealed strands; side
effect parameters: base pairing mismatch
rate, rate of unprocessed strands

melting: op. parameters: tube name; side effect
parameters: rate of surviving double strands



union: op. parameters: tube name, name of
tube whose contents is added; side effect pa-
rameters: strand loss rate

ligation: op. parameters: tube name, maximum
length of ligated strands; side effect parame-
ters: rate of unprocessed strands

digestion: op. parameters: tube name, recog-
nition sequence, restriction site; side ef-
fect parameters: rate of not executed mo-
lecular cuts, rate of star activity (unspeci-
ficity), recognition sequence with wildcard
base pairs specifying star activity

labeling: op. parameters: tube name, kind of
label (biotin or phosphate), kind of strand
end (3’ or 5’), action (set or removal of label);
side effect parameters: rate of unprocessed
strands

polymerisation: op. parameters: tube name;
side effect parameters: point mutation rate

affinity purification: op. parameters: tube
name, kind of extracted strands (with or
without biotin label); side effect parameters:
rate of false positives (unspecificity), rate of
false negatives (unspecificity)

gel electrophoresis: op.  parameters: tube
name, minimum number of strand copies
with same length necessary for detection;
side effect parameters: strand loss rate, rate
of strands with forged length, maximum

length derivation (forgery)

4 The Simulation Tool

The simulation tool adapts the probabilistic ap-
proach to specify molecular biological reactions
and processes including significant side effects.
The main features focus on:

e Specification of DNA operations is set on
the level of single nucleotides and strand
end labels using the principle of random
probability-controlled consecutive interac-
tions between DNA strands and reactants.

e Number of strand copies is considered to
distinguish concentrations of different DNA
strands and their influence to the behaviour
in the operational process.

e Each DNA operation is processed inside a
virtual test tube that collects a set of DNA
strands. Specific parameters control the pro-
cess. The simulation tool is able to manage
several test tubes.

e Arbitrary sequences of DNA operations in-
cluding 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 orien-
ted simulation means that a system is split into
subsystems which are simulated autonomously
[5]. A subsystem in this context is named ”ob-
ject” and may contain other objects forming an
object hierarchy. An object embeds its own simu-
lation algorithm that can represent both, a small
code fragment and an extensive simulator, see fi-
gure 2. All implementation details are encapsu-
lated 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. Further-
more, the simulation algorithm can be optimally
adapted to the models [7], [2].

The application of the object oriented si-
mulation technique using a hierarchy of au-
tonomous subsystems models the behaviour of
DNA molecules during an operational process in
a natural way. On the basic level (sequences),
each molecule acts as a subsystem with certain
properties to form or break hydrogen or cova-
lent bonds. Collisions between these molecules
are controlled by probability distribution using a
generator for random numbers. The next upper
level (tube) collects all DNA strands belonging
to a test tube contents. For example, identical
DNA double strands can have different represen-
tations. Summarization and unification of identi-
cal molecules is done in this level. The top level
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(frame) manages the collection of test tubes and
the user interactions.

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.

5 Conclusions

The simulation tool represents a model for
molecular biological processes on DNA, directly
adapted from their analysis in the laboratory. In
contrast to known models for DNA computing,
the simulation tool also considers the influence of
significant side effects. The intensity of side ef-
fects can be controlled by suitable statistical pa-
rameters in a range from no influence to abso-
lute dominance. The consistent parameterization
of DNA operations as well as side effects entails
a high degree of flexibility and ergonomics for
the simulation tool. The object oriented simula-
tion approach supports the modelling of interac-
tions between DNA strands and reactants as au-
tonomous subsystems that are combined to test
tubes. The implementation in Java guarantees
interoperability to different platforms. Recently,
the simulation tool features by the DNA opera-
tions synthesis, annealing, melting, union, liga-
tion, digestion labeling, polymerisation, affinity
purification, and gel electrophoresis. To verify
the simulation tool, results of selected laboratory
experiments were compared to simulated predic-
tions. A high degree of accordance was obtained.
Further studies focus on the extension to addi-
tional effects concerning nonlinear DNA struc-
tures.
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