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Abstract. Predicting the behavior of DNA molecules in vitro is one
of the most fundamental issues on DNA computing, but is also known
to be quite difficult. Shiozaki et al. proposed a probabilistic model that
can simulate many features of biochemical experiments in terms of the
reaction rate [7], although there are several differences between the bio-
chemical experiments and the computational simulations on the model.
In this paper, we extend the model to support base pairs construction
among k DNA sequences, which plays an essential role in realizing branch
migrations. The simulation results have much more similarities to the
biochemical experiments results than ones on the previous model, which
implies that the analysis of the model may give some insight about the
reaction rate. Through the analysis, we conclude this paper by giving a
guideline for designing DNA sequences that can quickly react.

1 Introduction

Predicting the behavior of DNA molecules in vitro is one of the most funda-
mental issues on DNA computing, but also known to be quite difficult. Many
researchers try to understand the principle of DNA molecule reactions from sev-
eral viewpoints. The aim of this paper is to understand the mechanism of the
DNA conformational change.

Over the past few decades, modelling the behavior of RNA (not DNA) has
been intensively investigated [1, 2,8, 10]. Most of the models are essentially based
on Markov process under the assumption that an RNA sequence changes its own
structure according to the transition probability defined by the free energy. Some
models succeeded; they can simulate the folding behavior of RNA well. These
models are based on the simplicity of the RNA reaction; a base pair of RNA is
made only in one sequence '. On the other hand, the DNA reactions are usually
more complicated, because base pairs of DNA are made not only on one sequence
but also on two or more sequences. That is, the behavior of DNA molecules is

* This research partly received financial support from Scientific research fund of Min-
istry of Education, Culture, Sports, Science and Technology.

! This is actually a bit exaggerating and in RNA base pairs among more than one
sequence are made. What we want to say here is that in RNA reaction a base pair
construction in one sequence is known to be essential.



supposed to be quite different from that of RNA, and the same technique is not
applicable directly. In fact, there had been no study on the analysis of the DNA
behavior, as far as the authors know.

Among them, Shiozaki et al., the authors of this paper, proposed a proba-
bilistic model based on Markov process for simulating the behavior of DNA, as
a first step of the DNA behavior’s analysis [7]. Considering the hybridization of
multiple DNA sequences, we introduced a model with two macro states and the
coupling factor p that can control the state transition between the two macro
states. The model can treat the structures formed with one or two sequences,
which are not so essential in the RNA conformation but are crucial in the DNA
conformation. We conducted computational simulations to compare with bio-
chemical experiments, whose results are provided by Prof. Suyama’s Group 2.
That biochemical experiments observe the reaction rate in which two types of
DNA sequences (one type of sequences and its complement type of sequences)
hybridize in vitro under a constant temperature. Through the comparison stud-
ies, we see that our computational simulations could imitate the biochemical
experiments on some of their typical features, though some features are still left
to be realized.

In this paper, we propose an advanced model, which is an extension of the
previous model, so as to explain the unrealized features. The previous model
considers the structures formed with only at most two sequences. This implies
that some conformational changes in which more than two sequences react, such
as branch migrations, are not supported in the model. It is a problem, because
branch migrations are considered to play a very important role in DNA reactions.
A point of the new model is that it permits any DNA sequence to have base pairs
among k sequences, which make it possible to simulate the mutual influences of
multiple DNA sequences. For example, a double stranded structure makes a base
pair with other structures; the branch migrations also may occur in the model.

We then conduct computational simulations on the new model. Simulation
results show more similarities to biochemical experiments than the previous one.
Through the computational simulations, we propose a guideline for designing
DNA sequences that quickly react, and further simulation studies support the
availability of the guideline.

These simulation studies on our model correspond to the biochemical exper-
iments explained above. Simulation studies for another kind of DNA reaction
(biochemical experiments) in Prof. Hagiya’s group 3, which is about the branch
migrations, also show that they can nicely imitate the bioexperimental results.
The similarities between the simulation results on our model and the biochem-
ical experiments imply that our model may be a good approximation of the
DNA conformational system in vitro; if our model approximates essential parts
of DNA conformation indeed, we can estimate the DNA reactions without any
biochemical experiments, which means that we can save many costs of biochem-
ical experiments, i.e., a lot of money, time, labor, and so on. Of course, more

2 http://dna.c.u-tokyo.ac.jp/
3 http://hagi.is.s.u-tokyo.ac.jp/



computational simulations and more biochemical experiments should be per-
formed to see the validity of the model, if yes, our results may be a giant leap
for DNA computing.

2 Preliminaries

In this section, we first give a basic simulation model of RNA conformation. We
then explain the DNA reactions for simulating the DNA conformational change
and show the results of the biochemical experiments.

2.1 The simulation model of RNA

Wolfinger et al. propose a model for simulating the folding behavior of RNA,
which is based on Markov process [10]. In their study, each state in the Markov
process corresponds to each RNA structure. They assume that RNA sequences
change their own structures according to the state transition probability defined
by the free energy of each structure. In their simulation model, the neighborhood
of the state is defined as the set of structures that are formed from the present
structure with a single base pair variation. The state transition probability is as
follows: ,

P(Xin =y|Xy =1) = =—"——, (1)

ZZEN(QZ) Tez

where N(x) is the neighborhood of the state x and 7, is the transition rate
from the state x to y defined as follows:

E7 — E(x
Sp—— {—RT”}  Ef = max{B@), B)).

The transition state energies Efz assures the detailed balance, EZZ = Efy As
a result, this model could imitate the folding behavior of RNA quite well. The
model is based on the independence of the past history and the random behavior
of RNA conformational change. Since these also hold for DNA conformation, we
expect that the behavior of DNA can be modelled as a Markov process, but
straightforward application is not possible because in the case of DNA reactions
among multiple sequences may occur easily; it is difficult to define “structures”
and their free energy.

2.2 Basic DNA reactions

We consider the situation that one type of DNA sequences (we call them primary
sequences) and the same number of its complements are put in vitro at the
same time under a constant temperature. At the initial state all DNA sequences
have no base pair. Then DNA sequences start to change their own structures
randomly and after a while they form the perfect double stranded structures.



This is considered one of the most basic DNA reactions, and actually Suyama
et.al. also concentrate to analyze this basic situation.

In the biochemical experiments conducted by Suyama et al., they use six
types of DNA sequences that have the same length and almost the same mini-
mum free energy (MFE) of the structure that is formed with a primary sequence
and its complement. Table 1 presents the primary sequences of six instances
and the MFEs that are calculated with a Vienna-RNA1.4 package [3,4] which
was yet improved by Uejima [9]. In this table, MFEs are minimum relative free
energies with respect to the structure with no base pair.

These chemical experiments were done in the following environment; the
absolute temperature is 298 K and the concentration of DNA is 10 nmol/l. For
comparison, we use three instances #60, #171 and #176, each of which has
obvious characteristics in terms of the reaction rate.

Table 1. The primary sequences and MFEs of the six instances.

ID Primary Sequence MFE (kcal/mol)
60 [TTCGCTGATTGTAGTGTTGCACA -36.16
171| CGCGATTCCTATTGATTGATCCC -34.78
176| GGGATCAATCAATAGGAATCGCG -37.10
117] CGCGATTCCTATTGATTGATCCC 235.60
227 TAGCACCCGTTAAAACGGAAATG -35.27
247|GCCTCCTTAGTAAGAACTGGTGC -36.14

Figure 1 shows the experimental results in biochemistry* of #60, #171 and
#176. The horizontal and vertical axes represent real time and fluorescence in-
tensity, respectively. In these experiments, fluorescence intensity is proportional
to the number of stacked base pairs between two sequences.

Figure 2 shows the simulation result of Shiozaki et al. [7]. The horizontal
and vertical axes represent the number of steps and the sum of the number of
stacked base pairs, respectively. We can see that the biochemical experiments
and the simulations have some common tendencies. For example, both of the
figures show that the reactions of #176 are slow. This is because #176 tends to
make base pairs in one sequence frequently. Table 2 presents the MFEs in one
of the primary sequences and the complements of #60, #171 and #176. It is
known that the lower the free energy is, the more stable the structure is. Hence
that means both of the primary sequence of #176 and its complement can form
hairpin structures whose free energy are lower than the structure with no base
pair, while those of #60 and #171 do not form such structures in one sequence.
Figure 3 shows the structures corresponding to the MFEs in Table 2. Forming
a hairpin structure prevents a strand from hybridizing with another to make a

4 This figure was offered by Prof. Suyama of the University of Tokyo.



duplex. This may be the reason that the reaction of #176 is much slower than
the other two.

These are the features of the biochemical experiments that our simulation
can imitate. On the other hand, there are some differences between the results
of our basic model and the biochemical experiments. For example, the results of
the biochemical experiments show that the DNA sequences of #60 react faster
than those of #171, while our simulation model shows the opposite results.
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2.3 Branch migrations

In the previous subsection, we explain a basic DNA reaction, its biochemical
experiments and the simulation results of our old model. In this section, we
introduce two new reactions about about branch migration, whose biochemical
experiments are provided by Prof. Hagiya group. We call them BM1 and BM2,
respectively.

BM1 is described in Figure 4. We prepare three types of DNA sequences;
these are sequences consisting of 40 bases (normal color one in the figure), called
the primary sequences, their complement sequences (shaded one) and the half
sequences of the complement (normal color one but the length is half). A primary



sequence has a black hole quencher (BHQ) at the 3’ end of the sequence. On
the other hand, a half of its complement has a fluorescent material, FAM at the
5" end of the sequence. At the initial state, these two types of sequences form
double stranded DNA structures (Figure 4 (1)); that is, BHQs neighbors FAMs
and the light of FAMs is absorbed by BHQs. Therefore the molecules do not glow
at this moment. As time advances, shaded sequences start to make base pairs
with the primary sequences (Figure 4 (2)). Then branch migrations occur and
the half of their complements with a FAM start to dissociate from the primary
sequence with a BHQ. Finally the primary sequences and their complements
form perfect double stranded structures (Figure 4 (3)).

BM2 is similar to BM1, but four types of sequences participate. Figure 5
explains BM2. We prepare three types of DNA sequences as BM1 and another
type of sequences; We add the half sequences of the primary sequence, that is the
length is 20. These sequences also make double stranded DNA structure with
the complements of the primary sequences at the initial state (Figure 5 (1)).
Hence there exist two kinds of double stranded DNA structures. If the reactions
perfectly occur, then two types of perfect double stranded structures are formed
in the equilibrium state (Figure 5 (3)).

Fig. 4. The reaction of BM1 (1,2,3) Fig. 5. The reaction of BM2 (1,2,3)

In these two experiments, molecules glow when BHQs and FAMs stand off
to each other, which means that fluorescence intensity becomes strong after the
branch migrations completely finishes. Hence the fluorescence intensity shows
the progress of the reaction.

Figure 6 shows the results of the biochemical experiments °. The horizontal
and the vertical axes represent real time and fluorescence intensity respectively.
These experiments are done in the environment where the absolute temperature
is 318 K and the concentration of DNA is 100 nmol/I.

As shown in this figure, BM1 reacts in a very short time while BM2 takes a
lot of time to finish branch migrations completely.

5 This result is offered by Prof. Hagiya of the University of Tokyo.
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Fig. 6. Results of biochemical experiments

3 New Simulation Model

As mentioned in the last paragraph of Section 2.2, old results [7] have some
differences from those of the biochemical experiments in terms of the reaction
rate of #60 and #171. That is, the old model may extract some part of the DNA
reaction, but that extraction is rough and not good enough. In this section, we
propose a more polished model, which can simulate making base pairs among k
DNA sequences, and then show the simulation results.

3.1 The simulation model with the extended neighborhood

This model considers any structure created by k& DNA sequences, so that the
branch migration may be realized. Although the branch migration is considered
essential for DNA reactions, the old model does not support; if it is the reason
that the old model is not good enough, we may expect good improvements for
the new model.

In the design of Markov process system as a simulation model, there are
several computational problems to be considered, because our objective, DNA
conformation, has an enormous number of states (DNA structures). The first
problem is how to define the transition. Given a state x (DNA structure), We
call a set of states (DNA structures) that can be changed from x, neighborhood of
x. To simulate a Markov process, we compute all the transition probability from
x to the neighborhood. That is, it is necessary to enumerate the neighborhood
of z. However, enumerating all the neighborhood is too time-consuming if we
adopt very general models of DNA reaction. On the other hand, it is considered
that the transitions from x to most of neigbor states of x in such a model seldom
occur. By these observation, we consider a model that has a restriction where
k DNA sequences are not affected by any other sequences and all of them are
neighbored at any time. In our model, we define the neighborhood as the set of



structures that is formed with £ DNA sequences from the present structure with
a single base pair variation; it includes the present structure. By this, the size of
the neighborhood is O(k?1?) at any time.

Preparing £ DNA sequences, we move to the next state selected from all the
neighborhood according to the state transition probability at each step; we use
the same transition probability with [7] which is defined as follows:

Ry

e = =) =

(2)

where N(z) is the neighborhood of a state  and R, is the transition rate
defined as follows:

R { p- Ty (afirst base pair between two sequences)
Ty —

Toy (otherwise),

However, enumerating all the neighborhood in this model is still too complicated
when k is large. This is because we need to change the order of the k sequences
to get the free energy of each structure in the neighborhood. We implement this
model as k = 3 and k = 4 with computer so far.

In order to simulate the basic DNA reactions we use this model as k = 4.
Preparing two primary sequences and the same number of their complements,
we can simulate any pairs of them. In order to realize branch migrations, we use
this model as £ = 3 and k = 4. In fact, in the BM1 and BM2, three and four
types of DNA sequences participate in the reaction.

3.2 Computer Simulations of Basic DNA Reactions

We use three types of DNA sequences (#60, #171 and #176) in Table 1 as
instances and do Monte Carlo simulations 50 times. Then the total number of
sequences is 200, which is the same to the previous simulation [7]. Considering
the results of the previous simulation model, we set RT = 2.0 and p = 0.0001.
These parameters seem to depend on the concentrations.

Figure 7 shows the results of 0 to 10° steps when p = 0.0001. The horizontal
and vertical axes represent the number of steps and the sum of the number
of stacked base pairs of 50 times Monte Carlo simulations. In this figure, the
rank of the reaction rate of #60, #171 and #176 is the same as the results of
biochemical experiments, while not in the previous simulations. Therefore this
model can simulate the DNA reactions well.
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Discussion It is natural to consider that these results come from the realization
of the branch migration. Intuitively if the MFEs with two primary sequences
and with their complements are small, the reaction becomes slow. In fact these
MFEs of #60 are smaller than those of #171. Therefore, in terms of the free
energy, #171 is supposed to react faster than #60. However the results of the
biochemical experiments are the opposite to this prediction. This fact implies
that we can not judge what DNA sequences react fast only from the free energies.

We then focus on the structures of the MFEs with two primary sequences
and their complements. Table 3 represents these MFEs and the number of bases
of free 57 end and free 3’ end of #60, #171 and #176; the free 5’ (3’) end is
the number of bases that form no base pair at the 5’ (3’) end of the structure.
Since two DNA sequences form these structures, we show two numbers of bases
of free 3’ end and 5’ end for each. The more the number of bases of free 5’ (3’)
end is, the more easily the other DNA sequences can make base pairs with the
structure. Especially if both of free 5’ (3’) end of two primary sequences and that
of free 3’ (5’) end of their complements are large, the branch migration occurs
with ease and the reaction can be accelerated.

As presented in Table 3, the structure of two primary sequences of #60 and
their complements have many free bases that do not make base pairs at the 5’
and 3’ end respectively; it implies that the branch migration occurs with ease
when the DNA sequences form such structures. On the other hand, that of #171
and its complement have less free bases at both of the edges. We consider that
this is the reason that #60 reacts faster than #171 in biochemical experiments.

These discussions also explain the slow reaction of #176. As shown in Table
3, #176 has much lower MFEs. In addition, both of these structures have no free
base that does not make base pairs at the edges. Therefore the branch migration
hardly occurs and the reaction is not accelerated.



Table 3. The characteristics of the structures of MFEs with two primary se-
quences and their complements of #60, #171 and #176

Primary Seq Complement
ID |MFE(kcal/mol)|free 5’ end|free 3’ end| MFE(kcal/mol)|free 5’ end|free 3’ end
60 -8.54 13, 13 1,1 -6.60 0,1 13, 14
171 -4.98 3,3 7,7 -6.22 7,7 3,3
176 -14.59 0,0 0,0 -10.42 0.0 0,0

Now we consider the reaction rate of six DNA sequences including #117,
#227 and #247. Table 4 presents the MFEs with two primary sequences and
their compliments and the number of bases of free 5’ end and free 3’ end of #117,
#227 and #247. From the above discussions and Tables 3 and 4, we predict the
following:

— The reactions of #117 and #60 are much faster than the others.
— The reactions of #171 and #227 are a bit slower.
— The reaction of #176 is the slowest.

Table 5 shows the rank of the reaction rate of the six types of DNA sequences
in the biochemical experiments for each concentration. The predictions seem to
explain the results of the biochemical experiments especially when the concen-
tration of DNA is high. The higher the concentration is, the more frequently the
DNA sequences encounter with each other; it means that the branch migrations
easily occur. Therefore these predictions match the experimental results better
when the concentration is high.

Table 4. The characteristics of the structures of MFE with two primary se-
quences and their complements of #117, #227 and #247

Primary Seq Complement
ID |[MFE(kcal/mol)|free 5’ end|free 3’ end| MFE(kcal/mol)|free 5’ end|free 3’ end
117 -8.49 0,0 19, 19 -8.25 19, 19 0,0
227 -14.84 6, 6 5,5 -14.62 5,5 6, 6
247 -9.27 5,5 9,9 -6.85 0. 17 8,0

There still remain some problems. The comparison between the results of the
biochemical experiments and our simulation model including #117, #227 and
#247 shows some differences. These may be due to the lack of the dynamical
elements. It is known that DNA sequences start to make base pairs from an
endpoint and they sequentially bond like zippers. Nevertheless our model can
not simulate such reactions.



We conclude this section by the following.

1. We have almost succeeded in simulating the DNA reactions by the proba-
bilistic model based on the free energy of each structure.

2. However, only the free energy information may not to be enough to simulate
the precise behavior of DNA.

3. A new model reflecting the dynamical elements might approximate DNA
reactions much better.

Table 5. Ranking of strands by reaction rates in the biochemical experiments

Concentration
Rank|5 nmol//{10 nmol /1|20 nmol/]
1 60 247 117
2 247 60 60
3 117 117 247
4 227 227 227
5 171 171 171
6 - 176 176

3.3 Computer Simulations of Branch Migrations

We apply our advanced model as £ = 3 and k& = 4 to simulate BM1 and BM2,
respectively. We set RT = 1.0 and do Monte Carlo simulations 200 times.

Figure 8 shows the results. The horizontal and vertical axes represent the
number of steps and the number of structures in that a BHQ and a FAM are
away from each other (we call them the fluorescent structures), respectively.
We can see many common tendencies between the simulation results and the
biochemical experiments also in these reactions; for example, BM1 reacts in a
very short time while BM2 takes a lot of time to be in the steady state. These
results support that our model is useful not only for the basic DNA reactions
but also for more complicated DNA reactions.
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4 Conclusion

In this paper, we propose a new probabilistic model of DNA conformational
change. The simulation studies for two basic DNA reactions show that the model
may be a good approximation of (actual) biochemical reaction. Although fur-
ther improvements may be possible, the authors think our model has succeeded
in extracting some essence of the DNA reactions. To confirm this, much more
simulation and biochemical experiments are needed. Also some (computational)
theoretical studies might be useful and interesting to analyze thermodynamical
properties of DNA reactions.

As a byproduct of the simulation studies, we obtain a guideline for designing
DNA sequences that can react fast in terms of the basic DNA reactions; these
are summarized as follows:

1. Both the primary sequence and its complement should not form hairpin
structures (from the results of [7]).

2. Both two primary sequences and their complements also should not form the
stable structure; in the case that they form such structures, the numbers of
bases of free 3’ end and 5 end of those should be large (Subsection 3.2).
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