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ABSTRACT

We have bio-chemically realized Artificial Intelligence by using DNA reactions, which is
composed of a well-known as oscillating DNA reactions, the seesaw gate reaction. Through
biochemical experiments, we confirm that mismatched interact-able DNA sequences can adapt to
perturbations of environmental change, which is caused by making point mutation in an input
sequence. Based on this result, we model this reaction by using abstract chemistry and confirm
that the model exhibits the same behavior as biochemical experiments. Through computational

Keywords simulations show that this DNA reaction can compose the logic gate bio-chemically.

Molecular artificial intelligence
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1. Introduction

Research on DNA computing has evolved into research
on Molecular Robots[1]. Recent vast advances in
computing power, artificial intelligence, Al researches
are progressing and expanding rapidly. Shortly, Al
research will develop into molecular Al and merge with
molecular robots. From various challenges in Al
researches, we aim to compose an adaptive system. An
adaptive system is a system, which can change behaviors
in response to the change of environment; adaptiveness
has been an essential subject Robotics in general [2].

In this paper, we model an adaptive system by using
the Toehold Strand Displacement Reaction, which has
commonly used in DNA computing [3]; simulate the
model by using the Abstract Rewriting System on
Multisets, ARMS [4],[5],[7],[8]. ARMS is a
physiochemically strict hybrid computational model,
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which integrates the discrete and continuous
mathematical model

1.1 Self-sustained Chemical Reaction Networks,
CRN

In this research, we use a simple self-sustaining Chemical
Reaction Network, CRN [6];
A+B—C+D, (1)
C+E—A+F. (2)
CRN and its dynamics have studied in Chemistry and
Physics since innovation of the low of mass action®. In
this CRN, we assume that the concentrations of B and E
are sufficient and D and E flow out immediately, so the
concentration of A to be sustained.
This CRN describes the seesaw gate reaction by using
Toehold mediated Strand Displacement Reaction, TMSD,
which has commonly used in DNA computing.
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1.2. Seesaw gate reaction by Toehold mediated
Strand Displacement Reaction, TMSD
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Fig. 1. Seesaw Gate Reaction; from the Journal of the Royal
Society Interface, 2011[3] (distributed under the terms of the
Creative Commons Attribution License)

Toehold mediated Strand Displacement Reaction, TMSD
is a reaction between a double-strand DNA and single-
strand DNA (Fig.1), in which a strand in a double-
stranded DNA is replaced with the same or nearly
identical single-strand DNA. DNA strand displacement
reaction is composed of the three single strands named
the ‘invader’,‘incumbent’ and the ‘substrate’; this
reaction is a swapping reaction between the invader and
the incumbent strands on the substrate strand. The
invader corresponds to an input signal, while the
incumbent corresponds to an output signal. Tochold
Exchange Reaction TER, which is known as a class of
strand displacements, since this reaction allows
sequence-dependent control, it is peculiarly useful. In
TMSD, the shorter incumbent forms a partial duplex with
the more extended, complementary substrate; then, the
invader hybridizes with the toehold, which is the
unbound region of the partially duplexed complement.

1.3. Multiset Rewriting System on Multisets,
ARMS

We have proposed a CRN, based on Abstract Rewriting
Systems, ARS; the ARS is a theoretical model of
computation; we expand ARS on the multiset as Abstract
Rewriting system on Multisets. A multiset is defined as a
simple set and a map, which returns the duplication of an
element. A denotes for the set of alphabets, and every
element of ARMS is an element of A. We denote
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duplication (multiplicity) the element as M(a), a € A.
For example, M (a) and M (b) of {a, a, b, b} are 2, and M
(c) = 0. In this paper we describe a multiset explicitly or
avector w=(M (a;), M (a2) . .. M (as)). The union of two
multisets M, M5 is the addition of vectors w; and w»; the
inclusion of Mj, M3 is Mi(a;) < Mx(a;) for all a; & A. We
denote A# as a set of all combinations of multisets over
A including an empty multiset.

A reaction rule [ = 7, [, r © A# is a pair of a multiset
and a reaction vector w; = -/ + r. A reaction (rewriting)
calculation is defined as wi+; = r + w;, where i denotes
the step time of the multiset. For example, an ARMS with
areactionrule a, b = a, ¢; since /= (1, 1, 0) and r = (1,
0,1), we=—(1,1,0)+ (1,0, 1)=(0, -1, 1) and in case
wi = (1,1,1), wini = (1,1,1) + (0, -1, 1) = (1, 0, 2); which
denote the reaction calculation of from {a, b, c} to {a, c,
c}bya,b—a,c.

2. Model

In the seesaw gate reaction, first, TMSD occurs between
the single-strand DNA named 'input', and the double-
strand DNA named 'gate:output' then single-strand DNA
named the 'output' strand and the double-strand DNA
named "input:gate" are produced. In the CRN, it is
described as A + B — C + D, where A stands for input,
B, gate:output, C, input:gate and D, output. Since
input:gate reveals a scaffold (T) for interaction with the
single-stranded DNA named 'fuel ', SDR occurs next
between fuel and input:gate, then the input and gate:fuel
are produced, it is described as C + E — A + F ; where
C stands for input:gate, E, fuel strand, and F, gate:fuel. In
this reaction these two reactions occur like a seesaw,
while input strand consumed in the first reaction and
supplied in the second reaction.

2.1. Environment Change by giving a point
mutation in the input strand

To change the environment of CRN, we give a point
mutation in the input strand; input’ stands for mutated
input strand. We confirmed that even if a point mutation
occurred in input strand, several mutated input strands
can bind and form mismatched pair with gate:output
through biochemical experiments [9]. The self-sustaining
CRN with non-mutated input strand is described as;
input + gate:output < input:gate + output (1),
input:gate + fuel & input + gate:fuel 2).



While, the CRN with the mutated input strand, input’:
input’ + gate:output <> input’:gate + output 3),
input’:gate + fuel < input’ + gate:fuel 4).
Since the binding force of mismatch strands pair is
weaker than non-mismatch one; we express it by
changing reaction speed to the reaction speed of the
mismatched pair is slower than non-mismatched one.

3. Method

In the CRN, the rate constants for the forward and reverse
reactions are the same; the rate constant for the mutated
input strand is 100 times slower than the non-mutated
input strand.

4. Result
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Fig. 2. Time change of the number of input strands. The
horizontal axis of the graph is the number of steps (one reaction
is one step), and the vertical axis is the number of input strands;
because of the structure of reaction rule is the same, the time

change of the amount of input’s strands are equivalent.

When there is either input or input' strand, the reaction
reaches an equilibrium state (Fig.2). In the case when
input and input' strands coexist, if both concentrations are
the same since the reaction speed of the input strand is
100 times faster than the input' strand, the input' strand
rarely to react. In the case when the concentration of the
input' strand is 100 times larger than the input strand, the
input' strand mainly to react. These results of simulations
show the CRN can adapt to environmental change; if the
concentration of non-mutated strand is smaller than the
muted one, the reaction system selects it and can sustain
reactions (Fig.3).

5. Discussion

The simulation results show that when the amount of
input strands is half to the number of input’ strands, the

concentrations of both become the same in the
equilibrium state, and the equilibrium state shifts by
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Fig.3. (Top) Time change of the number of the input and input'
strands. When the same amount of the input and input' strand,
the input' strand does not react. (Bottom) When the number of
the input' strand is significant if the amount the input' strand is
100 times larger, the reaction system will use the input' strand.
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Fig. 4. The bit shift operation by adding the strands. by adding
the 30 of the input strands [i] or input' strand the equilibrium
state shifts from around 50 to 80.

adding input or input’ strands. By using this
characteristic, we can express a basic unit of information,
a bit. We set the value of a bit to 0 when the number of
the input or input strand is approximately 50, which is an
equilibrium state. By adding input strands into the system,
the equilibrium state shifts; in this simulation, we add 30
strands, then the equilibrium state shifts from 50 to
around 80 (Fig.4). We define the value of a bit as 1 for

this shifted equilibrium state. In the case when the bit of
input is 1, if we remove 30 strands of input strands then
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Fig. 5. 2-bit register using the CRN. The value of the bit is 0 when the number of the strand is around 50, while 1 for approximately 80.

[i], [1] stands for the number of input, input’ strand respectively.

the equilibrium state shift from 80 to 50 and the value of

the bit return from 1 to 0; this operation of bit is the same
when input’ strands are used (Fig.4).

We confirmed that by adding or removing 30 strands,
a two-bit register can realize by using this CRN (Fig.5).
For Biochemical implementation, removing strands will

be able to realize by adding double-strand DNA, which

is named as ‘threshold’[3] (Fig.6).
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Fig. 6. The threshold; from the Journal of the Royal Society
Interface, 20113 (distributed under the terms of the Creative

Commons Attribution License)

Biochemical implementation of DNA circuits by using

this two-bit register is our future work. The speed of

computation of DNA logic circuits [5] often need hours

to compute and complicated reactions, through our

biochemical experiments of this model, transient time to
equilibrium state is around half-hour [6] and reactions are
simple compared with other modelse.g. [6].

Since this his two-bit register holds information as
dynamic equilibrium states, is suitable for constructing
artificial intelligence of molecular robots because brain
activities such as attention can be regarded as a dynamic
equilibrium state’.
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