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Abstract: Modern electronic microprocessors use semicon-
ductor logic gates organized on a silicon chip to enable efficient
inter-gate communication. Here, arrays of communicating
DNA logic gates integrated on a single DNA tile were designed
and used to process nucleic acid inputs in a reusable format.
Our results lay the foundation for the development of a DNA
nanoprocessor, a small and biocompatible device capable of
performing complex analyses of DNA and RNA inputs.

Logic gates are devices that recognize one or more inputs,
process them according to a certain input—output signal
correlation pattern, and produce a single binary output, which
can be either high or low: a digital 1 or 0, respectively.!!! For
example, a two-input Boolean logic gate with the AND
function produces a high output (digital 1) only when both
inputs are present, with the output remaining low (digital 0)
for all other input combinations (Figure 1 A, truth table).
Current microprocessor systems are based on logic gates that
employ electronic input and output signals and power
supplies.'! However, the nature of the inputs and outputs is
not limited to electric signals. For example, some early
computers used mechanical movements of their components
as input/output signals.”?

It has been proposed that significant miniaturization of
computational elements could be achieved if they were made
of individual molecules,” and such molecular computers are
“the inevitable wave of the future”.* Smaller devices would
reduce energy and material consumption.”! Since the first
publication by de Silva et al.,[*! a great variety of molecular
logic gates have been designed toward this goal.’! DNA has
been considered a promising molecule for constructing
molecular devises including logic gates due to the highly
selective and predictable interactions between the Watson—
Crick base pairs, A-T and G-C.[) A computer made of DNA
could be used to control the action of biocompatible devices
for the diagnosis and treatment of diseases such as cancer,
bacterial and viral infections, and genetic disorders. One
example of DNA-based logic circuits is an array of deoxy-
ribozyme gates, which can play tic-tac-toe with humans.”
Another remarkable example are seesaw gates,”"] which can
be arranged in a DNA strand displacement cascade that
mimics a neural network.’) However, the majority of DNA-
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Figure 1. Design of tile-integrated DNA circuits. A) Two-input 4] AND
gate. The gate consisted of ANDa, ANDb, and an MB probe. The
ANDa and ANDb strands contained the sequences complementary to
the “hook” sequences (dashed lines) of the X tile (D), while the input
strands and the MB probe operated as free (tile-unbound) molecules.
The five-stranded 4] association was formed in the presence of both
inputs i, and i,. B) The two-input 4] INHIBIT1 gate consisted of the
same components as the 4) AND gate plus the NOT1 strand, which
itself operated as an inverter (NOT gate). The output fragments of the
NOTT1 strand were complementary to strand ANDa and opened its
folded structure similarly to input i,. In the presence of input i;, the 4)
complex was formed, which generated a high output signal. The
addition of input i;, which was complementary to the middle fragment
of the NOT1 gate, removed the NOTT strand from the 4] complex,
thus triggering its dissociation and decreasing the fluorescence signal.
C) Two-input 4) NOR gate. In the absence of inputs, the terminal
output fragments of both NOT gates were bound to the input-
recognition fragments of the AND gate, which enabled the formation
of the high-signal 4) NOR association. The addition of the iy and/or i,
inputs, which were complementary to NOT1 and NOT2, respectively,
resulted in dissociation of the 4 NOR complex similarly to the 4]
INHIBIT high-signal complex, thus switching off the gate. For (A), (B),
and (C), dashed lines represent fragments complementary to the
“hook” sequences of the DNA X tile; the output is presented as
normalized fluorescence signal. D) The DNA X tile. The “hook”
sequences (dashed fragments) are shown in the same color as the
complementary fragments of the gate strands. More details are shown
in the Supporting Information, Figure S1.

based logic circuits use molecules that diffuse freely in
solution, which slows the response and requires careful design
of each new DNA construct to avoid gate miscommunication.
The implementation of concerted arrays of communicating
molecules remains challenging."”! Here, inspired by the
strategy used for manufacturing conventional electronic
processors, we positioned DNA logic gates in a precise
order on a two-dimensional (2D) platform.
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We constructed an AND gate and combined it with NOT
gates to obtain integrated circuits that process oligonucleotide
inputs according to INHIBIT and NOR logic (Figure 1). Each
logic gate consisted of several DNA strands, which hybridized
with oligonucleotide inputs and formed associations stabi-
lized by the DNA three-way junction (4J) structure!"'! when
the output was high. The 4J structures dissociated into
separate strands when the output was low. We therefore
named these logic DNA gates “4J gates”. The 4J structures
were conveniently detected using a molecular beacon (MB)
probe, a fluorophore- and quencher-conjugated stem-loop
folded DNA strand? (Figure 1 A). The folded MB structure
kept the fluorophore close to the quencher, thus producing
low fluorescence in the case of a low output. High fluores-
cence was produced upon association of the MB probe with
the 4] structures, as this association caused the MB probe to
acquire its elongated conformation.'>*¥ The 4J gate design
preserved input/output homogeneity, which is important for
the integration of logic gates into circuits. Indeed, the
undoubted success of modern computers is in part because
the electronic output of one gate can be recognized as an
input of the downstream gate. Likewise, an output of one 4J
gate, which is a nucleotide sequence made of two separate
fragments, can be recognized as an input by the next gate.
Although the design principles for AND and INHIBIT gates
in solution were reported previously by us[™ significant
structural adjustments were introduced in this study to enable
the proper operation of the 4] gates on a 2D scaffold (see the
Supporting Information, Figure S1 for more details). The
design of the NOR gate is reported here for the first time.

As a 2D platform, we used a DNA crossover (X) tile,['!
a well-characterized building block extensively used in DNA
nanotechnology™ for constructing nanoscale DNA struc-
tures. The X tile was made of six DNA strands assembled in
a complex, as shown in Figure 1 D. Four tile-forming strands
were equipped with the “hook” sequences for the attachment
of DNA logic gates (dashed lines in Figure 1 D). According to
our design, all four hook fragments should face the same side
of the tile. The overall idea of the tile-integrated DNA circuits
was that logic gate strands form 4J complexes when an input
combination corresponds to a high output, thus passing the
signal across the entire surface of the tile. These complexes
dissociate into separate strands when the output is low.

Tile strands were annealed with the 4J gate strands to
form the tile-associated DNA logic gates. Analysis of the tile
and gate-tile complexes using agarose gel electrophoresis
revealed the formation of homogeneous associations with the
expected migration in the gel (Supporting Information,
Figure S2). No noticeable inter-tile associations were
detected for all input combinations (Supporting Information,
Figure S2 A and C), which indicates minimal or no inter-tile
interactions for this design. Isolation of the tile bands
followed by PAGE analysis demonstrated the presence of
all expected strands in the corresponding DNA associations
(Supporting Information, Figure S2B). As expected, the
AND gate produced high fluorescent output in the presence
of both inputs (Figure 1A). The digital output 1 could be
distinguished from output 0 seconds after the input addition.
The fluorescent response reached a plateau in approximately
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15 min, a performance similar to that of the hybridization of
a MB probe to a complementary target in solution.!'s]
Therefore, it can be assumed that the rate of high-fluores-
cence complex formation shown in Figure 1 is limited by the
hybridization of the MB probe from solution and does not
reflect the rate of tile-bound gate-to-gate communication. A
two-input INHIBIT gate produced a high output in the
presence of only one particular input (i), while the fluores-
cent output remained low for all other input combinations,
according to the truth table (Figure 1B). An alternative 4]
INHIBIT gate (INHIBIT 2) operated in a similar mode
(Supporting Information, Figure S3 C), with input i; and the
NOTT1 strand replaced by NOT2 and i,, respectively (Sup-
porting Information, Figure S1G).

Modern digital electronics takes advantage of the func-
tionally complete operator, a set of logic gates that can be
combined to generate every possible logical function. One
such operator is the NOR logic, which produces a high output
only when both inputs are absent (Figure 1C). We therefore
designed a NOR gate function by integrating two NOT and
one AND gates, as shown in Figure 1C. In this design, the
output fragments of the two NOT gates were recognized as
inputs by the AND gate, which is a simple example of
integrated DNA circuits. The digital response was as
expected, based on fluorescence monitoring (Figure 1C,
right). None of the DNA 4J gates used in this study produced
a proper digital response when detached from the tile
(Supporting Information, Figure S3). This result proved that
the attachment of the gate strands to the X tile is essential for
the circuit operation. Two major factors contribute to the
improved communication of the interrogated gates: the
increased local concentration of the gate strands attached to
the tile; and the prevention of the incorrect strand inter-
actions due to their positioning on the 2D support.l'”! Our
data (Supporting Information, Figures S3, S4) indicate that
both factors are important. We, therefore, conclude that the
design of the tile and the linkers enabled proper orientation
and provided sufficient flexibility for the formation of the 4]
complexes, as shown in Figure 1.

For practical applications of computational circuits it is
important to enable the resetting and, therefore, reuse of the
computational circuits.!"8 For this purpose, we added RNase
H as a buffer component. RNase H is an enzyme that
catalyzes the hydrolysis of RNA in RNA-DNA duplexes!"!
and was used previously for building DNA oscillating
systems.’”! We replaced DNA inputs i; and i, with their
ribo-analogues (ribo-i; and ribo-i;). The fluorescence of the
samples was monitored continuously in a time-drive mode
(Figure 2). For the 4J INHIBIT gate, the signal increased
within the first 5 min upon addition of ribo-i,, which reflected
the formation of the 4J association, until the competing
hydrolysis of the input strand began to predominate, which
gradually decreased the fluorescence (Figure 2 A). When the
signal decreased, a second portion of the ribo-i; was added
(indicated by an arrow at 16 min in Figure 2 A), which led to
the second increase in the fluorescent output. This oscillating
behavior of the DNA logic gate was demonstrated for at least
three consecutive cycles. Similar multiple operations were
demonstrated for the NOR gate, in which the addition of one
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Figure 2. Resetting of 4] gates in response to ribo-inputs in the
presence of RNase H. A) Fluorescent response of 4J-INHIBITT as

a function of time. The arrows indicate time points when a new
portion of ribo-i; was added (every 16 min). B) Fluorescent response of
4J-NOR as a function of time. The arrows indicate time points of ribo-
i; addition (every 27 min).

input (i;) reduced the fluorescent output as expected (Fig-
ure 2B). Unlike for the INHIBIT gate, degradation of ribo-is
by RNase H could not fully restore the ON state of the NOR
gate (the maximum fluorescent signal for the resetting mode
was lower than the ON state fluorescence for the one-time
mode of the gate operation). This may be explained by the
accumulation of short degradation products of ribo-i; by
RNase H,'® which block at least one of the signal-trans-
mitting arms of the NOT gate, thus inhibiting the communi-
cation between the NOT and AND gates.

A number of research groups have reported on the design
of molecular ensembles that perform logic operations.["%
Even though molecular devices that use non-Boolean logic
operations have been considered for the control and analysis
of biological systems,”!] here we used Boolean DNA logic
gates to take a step on a path that mimics the development of
modern electronic computers. We report a proof-of-principle
technology for the production of DNA logic circuits localized
on a 2D platform formed by a crossover DNA tile. We
integrated three DNA logic gates (two NOTand one AND) in
a circuit. We demonstrated that gate response and enzyme-
dependent resetting can be achieved in minutes, which is
presumably limited by binding of MB probe reporter from
solution. However, the rate of tile-associated gate-to-gate
communication remains to be investigated in future studies.
Some important features of the design are as follows: 1) The
4] DNA logic gates recognize DNA or RNA inputs and
produce output as DNA fragments, and this input—-output
homogeneity opens the possibility of building complex
integrated circuits in a modular fashion; 2) the 4J-forming
logic operators are positioned on a 4J-forming DNA tile; this
structural similarity simplifies the localization of the logic
gate strands on the X tile for proper communication; 3) the
gate strands reversibly associate when the output is high, thus
propagating the signal through the surface of the tile; and
4) the 4] tile enables the attachment of multiple strands, as
well as potential association of multiple tiles!'*! into larger
integrated circuits.

In conclusion, we proposed a new design principle for
DNA logic gates integrated in a DNA circuit on a 2D
platform. We manufactured approximately 10" DNA circuits
in 1 mL of the hybridization mixture in 16 h with a hands-on
time of 5 min using only two micropipettes and a hot plate.
The estimated cost of each particle of 4] integrated DNA

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section
Preparation of DNA X tile: Oligonucleotide strands of the tile and
desired combination of logic gate strands (200 nm each) were mixed
in 2x working buffer containing 100 mm Tris-HCl (pH 7.0) and
100 mm MgCl, to make 2 x stock solutions of the tile-associated DNA
logic gates. The mixtures were heated at 95°C in a 2 L water bath and
gradually cooled to room temperature over 20 h. The formation of
DNA associations was checked using 2 % agarose gel electrophoresis.
Fluorescence assay: Samples containing MB reporter (20 nm) and
100 nm tile-associated DNA logic gates in 1 x working buffer were
incubated in the absence of inputs or in the presence of different
combinations of input oligonucleotides (1000 nm) at room temper-
ature (20-22°C). Fluorescence of the samples upon excitation at
485 nm was monitored at 517 nm using a PerkinElmer LS 55
fluorescence spectrometer (Waltham, MA, USA) in the time-drive
mode or in the spectrum mode after a specified incubation period.
Resetting of the tile-associated gate: A sample containing
0.1 UpL™' RNase H, MB reporter (20nm) and a tile-associated
INHIBIT or NOR gate (100 nm) in 1 x working buffer was incubated
at room temperature for 10 min to ensure the formation of the DNA
association with the MB reporter in the absence of inputs. Then, an
input oligonucleotide (1000 nm) was added to the sample, and the
fluorescence signal at 517 nm upon excitation at 485nm was
continuously monitored in a time-drive mode. At specified time
points (every 16 min for INHIBIT gate, every 27 min for NOR gate),
a new portion of the input was added to the sample to start a new
cycle of logic gate operation. At least three cycles of operation were
demonstrated for both INHIBIT and NOR 4J-logic gates assembled
on a DNA X tile.
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