Three-input majority gate using spatially localised DNA hairpins
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DNA circuits employing DNA strand displacement technique are considered as a possible replacement for silicon-based circuits, especially in
implantable medical devices, because of its compatibility with bio-signals, smaller size, and light weight. In this work, a new DNA strand
displacement based, three-input spatially localised majority gate using DNA hairpins is proposed. The DNA hairpins used in this majority
gate are tethered to an Origami substrate, and hence, the DNA hairpins are spatially separated from each other. The localisation helps the
designer to reuse the strands, without causing any spurious reactions. It is believed currently that no design is available in the literature for

a localised DNA majority gate. The visual DSD software is used for simulating the proposed majority gate.

1. Introduction: Molecular circuits are considered as a popular
candidate for replacing silicon-based technologies for designing
implantable medical circuits. With the recent advancements in
DNA nanotechnology, medical devices and circuits could be built
inside living organisms in a near future. Different molecular
Boolean logical circuits are available in the literature, but their
input and output types are different [1-4]. The output of one gate
cannot be used as the input of another logic gate, and hence, such
circuits are not suitable for designing a large, complex design. A
DNA circuit using strands, as their inputs and output can overcome
this obstacle. The power of DNA, as a computational device was
first explored by Adleman, for solving the seven city Hamiltonian
path problem [5]. Ever since this famous experiment, many
researchers were working on DNA, to solve different problems [6—8].

Lulu Qian and Erik Winfree introduced a DNA strand displace-
ment reaction based circuit called seesaw circuit in [9]. In [10], the
scaling up of the circuit, using dual-rail AND-OR logic is dis-
cussed. Based on this dual-rail AND-OR logic, an arithmetic cell
and control cell were designed [11]. The speed of operation of
such circuits is limited because the entire reaction is taking place
by diffusing all the molecules together. Unique strands are required
for signal, and gate complexes, to avoid spurious reactions in a
seesaw circuit. To solve these issues, a localised DNA strands
based design approach was introduced [12, 13].

In a localised DNA circuit, the interactions of strands are limited
to their neighbours. This helps the designer to reuse the strands
without causing spurious reactions. The localised circuits are devel-
oped by attaching the DNA strands to a fully addressable lattice or a
DNA Origami substrate [12]. The localised architecture speeds up
computation in a DNA circuit, by removing much of the speed
bottleneck due to diffusion. Even though different designs are avail-
able in the literature for a three-input majority gate [14, 15], none of
them are using a localised architecture. In this work, we are intro-
ducing a spatially localised architecture of DNA strands for imple-
menting a three-input majority logic operation.

2. Spatially localised DNA majority gate: A majority gate gives a
logical high output when the majority of the inputs are at logical high
level. For a three-input majority gate, the truth table is shown in
Table 1. 4, B and C are the inputs and Z is the output. The Boolean
expression for the majority gate is derived from the truth table

Z = Maj(4, B, C) = AB + AC + BC (1)

It can be observed from the Boolean expression that the majority gate
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will act as a Boolean AND gate if one of the input is set to zero
Z = Maj(4, B, 0) = 4B 2)

Similarly, by keeping one input at logical high, the majority gate will
work as a Boolean OR gate

Z =Maj4,B,1)=A+B 3)

In a localised architecture, the majority logic is achieved by arran-
ging the anchored hairpins (input translator, threshold, and output
translator) in a way such that the propensity of reaction between
an input translator and a threshold hairpin is greater than the propen-
sity of reaction between an input translator and the output translator.
The propensity of reaction between any two tethered strands is dir-
ectly related to the distance between those strands. The propensity
of reaction will be more when the strands are anchored in closer
proximity to each other. A possible architecture of such a majority
gate is shown in Fig. 1.

If there is no input (all inputs are low), there is no reaction and
hence, no output is produced (output is low). The majority operation
with only one input is present (one input is high) is shown in Fig. 1.
The * symbol is used to identify a toehold domain and * to identify
the complement of a particular domain. The input ¢”s binds to the
input translator H(4, Y) with an exposed a™*, and displaces the
domain y"s. The domain y"s will bind to the free floating fuel
strand F(Y, X), to displace a domain x"s. The domain x"s can
bind to either the threshold H(X, blank) or the output translator H
(X, Z) since both of them are having an exposed x*. However,
the strands are arranged in such a manner, that the proneness of reac-
tion between the input translator and the threshold is greater than the
proneness of reaction between input translator and output translator.
Hence, the domain x" s binds to H(X, blank), to displace blank"s, and
thus, no output is produced (output is low).

Now, consider the majority operation with two inputs present (two
inputs are high) as shown in Fig. 2. The inputs 4 and B open the cor-
responding input translator hairpins to displace y"s. These domains
bind to the fuel strands F(Y, X), to open x"s in both input translators.
As the propensity of reaction between input translator and threshold
is greater, the first x*s domain binds to the threshold, to displace
blank™s. The second input translator, with an open x"s domain,
can no longer react with the threshold. Hence, they will bind to the
output translator, and displaces z"s, which is the output domain
(output is high). A similar operation can be observed, when all the
three inputs are present (all the inputs are high). The presence of
first two inputs is enough to open the output domain z"s.
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Table 1 Truth table of a three-input majority gate

A B C VA
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

3. Simulation results and discussion: The proposed majority gate
using DNA hairpins is written in a programming language [16],
implemented in the visual DSD software [17], and simulated its
operation for different input combinations. An abstract diagram of
the proposed three-input majority gate is shown in Fig. 3. The
solid lines represent the possible reaction between the input
translator strands and the threshold strand; whereas the dotted
lines represent the possible reaction between the input translator
strands and the output translator strand. The letters given above
these lines are the tag names, indicating the relative spatial
arrangements of the strands.

Each strand is associated with a set of tag names. A reaction is pos-
sible only between two neighbouring strands, which shares a
common tag within an Origami substrate. It could be noted that
each input translator strand shares a common tag with the threshold
strand and the output translator strand. For the simulation, the local
concentration of the tags, connecting the input translator strands
and the threshold strands (lc(a) = lc(b) = Ilc(c)) are set to

* fuel F(Y, X) input

Th xh
I'd translator
H(C,Y
s* s* s* o I'd | :
yor Jyok: | ynn Q majority gate in an origami

10 x 10° nM. Similarly, the local concentration of the tags connect-
ing the input translator strands and the output translator strand
(Ie(d) = lc(e) = lc(f)) aresetto 1 x 10° nM. A high local concentra-
tion indicates that the strands sharing those tags are physically more
close to each other. The propensities of reactions can be calculated by
the formula given in [18]:

p 2k x max(le(a)), le(ay), ..., lc(a,)) 4)

where £ is the rate constant (the default DSD toehold bind rate con-
stant is assumed to be 3 x 10™*nM~'s™"), and a,, a, ...,a, are
the common location tags, associated with two reacting strands, for
a particular reaction, in an Origami substrate.

For a three-input majority gate, the propensity of reaction
between each input translator strand and the threshold strand is
300, and that of the input translator strand and the output translator
strand is 30. Therefore, the input translator strand is physically
closer to the threshold. Hence, the probability of a reaction
between the input translator strand and threshold strand is greater,
compared with the probability of a reaction between the input trans-
lator strand and the output translator strand. The visual DSD simu-
lation traces obtained for the three-input majority gate with different
input combinations are shown in Fig. 4. In this graph, different
output waveforms are merged together and hence it is difficult to
differentiate between them. For more clarity, the final output con-
centration is given for different input combinations in Fig. 5. It is
evident that the output is high only when two or more inputs are
high. Logical AND and OR gates are also implemented from the
three-input majority gate by selecting one input as either zero or
one. This is also simulated in visual DSD.
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Fig. 1 DNA hairpin strand operation for localised majority gate with only one input present
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Fig. 2 DNA hairpin strand operation for localised majority gate with two inputs present

The design of existing DNA three-input majority gates can be
found in [14, 15]. The first design [14] uses different types of
input strands and have three AND and one OR operations. The
input and outputs are not uniform and hence the scaling up of the
circuit is difficult. Also, the number of strands used in the design
is more compared with the proposed spatially localised design. In
the second design [15], a central circular DNA strand structure is
used to make a three-input majority gate operation. This design is
prone to the scaling up issues such as the requirement of a large
number of unique strands to avoid spurious reactions, and limited
speed of operation since all the molecules are diffused together.
These issues could be solved by using the new localised majority
gate proposed in this Letter.

The DNA strand displacement based circuits cannot produce a
NOT operation, hence a dual-rail logic is required. The designs
available in the literature for scaling up of circuits concentrate on
dual-rail AND-OR circuits [10]. In a dual-rail circuit, one signal

H(A,Y)\
~ d
~
~
b e \'\.
H(X,-)—H(B,Y)— ——— - H(X, Z)
//
c ///f
H(C,\Y)~ +3xF(Y, X)

Fig. 3 Abstract diagram of a three-input majority gate with labels showing
interaction between hairpins
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is represented by the signal itself and its complement. For
example, the signal 4 can be represented in dual-rail logic as
A, =4 and 4, = A. The majority gate is a good candidate for
designing dual-rail circuits. The majority gate is having the follow-

ing property
M(A,B,C)=M4,B,C) %)

In dual-rail logic, (4, B, C) can be represented by (4,, B,, C,), and
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Fig. 4 Time courses for different input combinations in visual DSD
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Fig. 5 Final concentrations obtained for a three-input majority gate for dif-
ferent input combinations
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With the development of localised majority gate, it is possible in the
future to design either dual-rail majority logic or a dual-rail AND—
OR-majority logic for complex circuits. Thus the availability of
majority gate will introduce more flexibility while designing
complex circuits.

The design presented in this Letter is a simulation model. The ex-
perimental validation is still a challenge. However Muscat et al.
[13] were able to implement the translation operation with a three-
step transmission line. There are many system parameters such as
sequence design, physical positioning of the strands, the length of
the domains and so on, which will play an important role while ex-
perimentally implementing the proposed circuit.

4. Conclusion: In this work, we are theoretically implementing a
novel three-input majority gate, which uses spatially localised
DNA hairpin strands attached to an Origami substrate. We
synopsised the benefits of localisation of the majority gate and
explained the working of DNA strand displacement operations
taking place in a majority gate under different conditions. The
three-input majority gate is implemented in visual DSD software,
and simulated the design for different input combinations. A
three-input majority gate can function as logical AND and OR
gates. A possible scaling-up of circuits using dual-rail AND-OR—
majority logic is also discussed. The availability of a three-input
majority gate will give more flexibility for the designer while
developing the synthesising tools for DNA digital design.
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