Chapter 1
Implementing Molecular Logic Gates,
Circuits, and Cascades Using DNAzymes

Matthew R. Lakin, Milan N. Stojanovic and Darko Stefanovic

Abstract The programmable nature of DNA chemistry makes it an attractive
framework for the implementation of unconventional computing systems. Our early
work in this area was among the first to use oligonucleotide-based logic gates to per-
form computations in a bulk solution. In this chapter we chart the development of this
technology over the course of almost 15 years. We review our work on the implemen-
tation of DNA-based logic gates and circuits, which we have used to demonstrate
digital logic circuits, autonomous game-playing automata, trainable systems and,
more recently, decision-making circuits with potential diagnostic applications.

1.1 Introduction

The development of electronic digital logic was one of the greatest technological
achievements of the 20th century, and exponential increases in the computational
power of commercially-available microprocessors meant that electronic comput-
ers are now ubiquitous and indispensable in the modern world. Contemporaneous
advances in molecular biology made it clear that information processing is a funda-
mental capability of all biological systems. Subsequent rapid progress in that field
progressed in parallel with the development of consumer electronics, and elucidated
many of the mechanisms behind biological information processing [7]. Given that the
information processing capabilities of biological systems were evolved over millions
of years, it is fascinating to consider whether we can construct synthetic molecular
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computers that may be more compact and more robust than their natural or electronic
counterparts.

When we say that molecules compute, what we usually mean is that an assembly of
molecules detects certain inputs, typically the presence or absence of other molecules,
and responds by producing one or more output signals, which may take the form of
the release of an output molecule or the generation of a detectable fluorescent signal.
The use of fluorescence is merely a convenient means of detecting the circuit response
in an experimental setting, and plays no role in the actual computation. The goal of a
molecular computer scientist is to engineer the intervening molecular system so that
the pattern of output signals is related to the pattern of input signals by the desired
logic function.

From an unconventional computing perspective, the development of molecular
computers offers intriguing possibilities to implement extremely low-power compu-
tation [8, 88] and to implement autonomous computational systems that can survive
and thrive in environments hostile or inaccessible to silicon microprocessors, such as
within the bloodstream or within living cells. The compact nature of DNA has been
previously exploited to demonstrate high-density information storage [37], but in
our context the fact that billions of molecules exist in each experimental system may
make it feasible to execute massively parallel computations in a very small volume,
or to implement novel computational architectures that compute using the dynamics
of interactions between molecular circuit components.

Our experimental work focuses on catalytic nucleic acid chemistry, in particu-
lar, DNAzymes (also known as deoxyribozymes), which are DNA-based enzymes
that can cleave or combine other nucleic acid strands. DNAzymes are not known
to occur in nature, and the known DNAzyme catalytic motifs have been isolated in
in vitro evolution experiments [12, 77, 81]. We turned DNAzymes into logic gates
by augmenting them with up to three input-binding modules that regulated the cat-
alytic activity of the DNAzyme based on the pattern of input strands observed in the
solution. The cleavage reaction catalyzed by the DNAzyme served as the reporting
channel, and we exploited the combinatorial chemistry of DNA to enable us to build
systems that processed multiple signals simultaneously in a single solution, with
the different information streams identified by different DNA sequences. Thus, each
DNAzyme unit implemented a logic gate with up to three inputs, and we constructed
a set of such gates complete for Boolean logic [103].

In this chapter we review our designs for DNAzyme-based molecular computers,
their integration in large-scale parallel gate arrays exhibiting sophisticated logical
and temporal behaviors, and our recent attempts to diversify into sequential logic
cascades. We begin by describing our early approach to molecular computing [20,
47], including the first reported complete set of nucleic acid-based logic gates [103].
We then describe how these gates were used to produce autonomous molecular
computing systems that implement well-known logic circuits such as adders [58,
106] and large-scale game-playing automata [66, 82, 107]. This approach has been
previously reviewed [108], including in the popular literature [67]. We then discuss
how, in recent years, we have further developed this approach to achieve signal
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propagation in DNAzyme signaling cascades, and how we have begun to apply these
new techniques to biodetection applications.

1.2 Developing DNAzyme-Based Logic Gates and Circuits

The historical context for our work was set by the publication of Adleman’s seminal
paper [1], which demonstrated that combinatorial nucleic acid chemistry could be
used to solve a small instance of the Hamiltonian path constraint satisfaction prob-
lem. By synthesizing a library of DNA strands to represent the vertices and directed
edges of the graph, Adleman’s approach relied on combinatorial hybridization of
these molecules to produce linear structures that encoded paths of various lengths
through the graph. There followed an extensive sequence of purification and analysis
of the resulting molecules that encoded the possible paths through the directed graph,
to locate any paths of the correct length that visited every vertex. The fundamental
insight behind this approach was to parallelize the “generate” phase of the “generate
and test” paradigm for solving computationally intractable problems such as Hamil-
tonian path. However, the laborious nature of the “test” phase limited the practical
applicability of this incarnation of molecular computing.

In our early work, we adopted an alternative approach to molecular computation.
We were inspired by timely reviews [12, 77] on nucleic acid catalysts and aptamers,
which got us thinking about using external inputs to control nucleic acid catalysis:
an idea that was ripe for implementation [92, 110]. Thus, rather than using combina-
torial chemical reactions to search for solutions to computationally hard problems,
we instead used large populations of DNA logic gates to compute Boolean logic
functions, using bulk fluorescence readouts to assay the result of the computations.
This approach greatly simplified the experimental protocols and enabled us to exe-
cute relatively sophisticated computations, with human intervention required only to
provide external data inputs.

We constructed molecular logic gates using RNA-cleaving DNAzymes, which are
single strands of DNA that can catalyze the cleavage of specific substrate molecules.
The various parts of a DNAzyme strand are illustrated in Fig. 1.1a, using the “E6”
catalytic motif [13] as the example. The central catalytic core sequence is largely fixed
(with the exception of a small central loop in the E6 motif): this sequence is believed
to coordinate the binding of metal ion cofactors (here Mg?") that are required for
the cleavage reaction to occur. The catalytic core is flanked by two variable substrate
binding arms, which recognize and bind to a complementary substrate molecule and
position it correctly so that cleavage may take place. Figure 1.1a shows the means by
which a DNAzyme binds to a substrate molecule, cleaves the substrate at the cleavage
site (marked by a single RNA base in the DNA strand), and unbinds from the two
shorter product molecules. We can monitor the progress of the cleavage reaction
by labeling the substrate with a fluorescent tag on one end and a corresponding
quencher molecule on the other end: when the substrate is cleaved the fluorophore
and quencher are separated, which reduces the efficiency of the quenching reaction
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Fig.1.1 DNAzymereactions and sensors. a DNAzyme structure and DNAzyme-catalyzed cleavage
of a substrate molecule. DNAzymes (here the “E6” catalytic motif [13]) consist of conserved
catalytic core sequence (labeled core) flanked by two substrate binding arms (labeled a; and ay).
The corresponding substrate consists of sequences complementary to the substrate binding arms
a} and a3, with a cleavage site in the middle (denoted by a small disc). To produce a fluorescent
readout of the cleavage reaction, the substrate is labeled with a fluorophore on one end (F) and a
quencher on the other (Q). In its uncleaved state, when the fluorophore is excited (here by light of
530nm wavelength), the energy is transferred to the quencher by Forster resonance energy transfer
(FRET). Hence, no output fluorescence is observed. The first step of the cleavage reaction is for
the DNAzyme to bind to the substrate (reaction 1). Then, the DNAzyme cleaves the substrate into
two shorter product strands (reaction 2). Subsequent unbinding of the products (reaction 3) recycles
the active DNAzyme into solution, whereupon it may proceed to interact with further substrates.
In the cleaved state, the fluorophore is separated from the quencher, so when the fluorophore is
excited, it re-emits the light at its output wavelength (here, 580 nm), which can be observed using
standard optical techniques. b Molecular beacon reactions. The molecular beacon consists of a
stem enclosing a loop whose sequence is complementary to that of the input strand. In the absence
of the input, the beacon adopts the energetically favorable hairpin conformation. When the input
is added, it binds to the loop and causes the stem to open. ¢ A sensor (YES gate) constructed by
grafting a molecular beacon input detection module onto a DNAzyme such that the closed stem of
the molecular beacon blocks one of the substrate binding arms (a;). Thus, in the absence of input
i1, the blocked binding arm prevents the DNAzyme from binding to, and cleaving, its substrate, so
no fluorescence is observed. However, in the presence of input iy, the stem of the molecular beacon
is opened, exposing the substrate binding arm, so that the DNAzyme can bind and cleave its input,
resulting in the generation of a fluorescent output signal. Hence, the YES gate computes the identity
function of its input, as shown by the truth table

and causes an increase in observed fluorescence when the fluorophore is excited by a
laser. It is important to note that the DNAzyme strand is unchanged by the cleavage
reaction and may bind and cleave additional substrates in a “multiple turnover”
reaction which provides an innate signal amplification capability. The efficiency of
this process is determined by the lengths of the substrate binding arms: too long,
and the post-cleavage unbinding reaction is slowed due to increased stability of
the DNAzyme-product complex; too short, and the pre-cleavage binding reaction is
slowed due to decreased stability of the DNAzyme-substrate complex. In addition
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to our work on using DNAzymes to construct molecular logic systems, the catalytic
properties of DNAzymes have also been exploited to build systems of self-avoiding
molecular walkers [65, 74, 83, 97].

There are three parts of an E6 DNAzyme strand that may be independently mod-
ified to control its behavior, the two substrate binding arms and the small loop in
the catalytic core. We modified these parts of the strand by functionalizing them
with molecular beacons, which are DNA structures that function as input recogni-
tion elements. The basic operation of a molecular beacon is illustrated in Fig. 1.1b.
In its native state, it is energetically favorable for the mutually complementary ends
of the beacon strand to bind to each other, forming a structure known as a hair-
pin. The single-stranded loop of the hairpin can then serve as an input recognition
element: a strand that is complementary to the loop region can bind to the loop
and thereby induce a conformational change (by converting the loop from a flexi-
ble single-stranded region to a rigid double-stranded region) that opens the hairpin
stem. The classical use of molecular beacons in molecular biology is to generate a
fluorescent response to the input binding event [115].

However, our interest in molecular beacons was as a means of regulating the
catalytic activity of DNAzymes. Thus, our first published result [104] was a logic
gate that sensed a single input oligonucleotide and activated a DNAzyme in response
(Fig. 1.1c). This logic gate design incorporated a single molecular beacon module
that, in the native state, blocks one of the substrate binding arms and thereby prevents
the DNAzyme binding to the substrate. However, when the complementary input
strand is present, it binds to the molecular beacon module and opens the stem, which
exposes the substrate binding arm, enabling the DNAzyme to bind to the reporter
substrate and cleave it, which we can detect via fluorescence. We call a gate that
senses the input i; in this way a YESi; gate [104] (occasionally, a signal detector,
sensor, or basic catalytic molecular beacon). Here and henceforth, we represent an
input value of 1 by the presence of the corresponding input oligonucleotide and
an input value of 0 by its absence. Similarly, we represent an output value of 1 by
DNAzyme-catalyzed cleavage of the corresponding substrate molecule (observed
via fluorescence) and an output value of 0 by no cleavage taking place. Thus, from a
logical perspective, the YES gate simply computes the identity function of its input.
Furthermore, by adding a different molecular beacon that blocks the other arm of
the YES gate, we obtain a DNAzyme that is only activated when the complementary
inputs for both molecular beacons are present, as both substrate binding arms must
be available for the DNAzyme to bind to the substrate. Thus, such a DNAzyme will
function as an AND logic gate, as shown in Fig. 1.2b which implements i; A i,. Thus,
our DNAzyme-based molecular logic gates are switched by oligonucleotide input
signals, just as electronic logic gates are switched by their respective electrical input
signals.

Any set of complete Boolean logic gates must include some form of negation,
and for this we turned to the third of the potential modification sites on the E6
DNAzyme strand, the small loop within the catalytic core. It turns out that (at least
in the E6 catalytic motif) this loop can be enlarged to the same size as the loops
from our other molecular beacon control modules without adversely affecting the
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Fig. 1.2 DNAzyme logic gates. a AND gate. By extending the YES gate motif with a molecular
beacon module on both substrate binding arms, we obtain an AND gate. This gate implements AND
logic because both substrate binding arms must be exposed for successful binding to the substrate,
which is only possible when both inputs are present. Thus this gate computes i; A iz, as shown in the
truth table. b NOT gate. Extending the small loop in the catalytic core of the “E6” DNAzyme to a full-
size input-binding loop allows us to implement a NOT gate. In the absence of input i3, the catalytic
core structure folds as normal and the DNAzyme is functional. However, when i3 is added, the loop
is opened, which distorts the catalytic core and prevents the DNAzyme from binding to the substrate.
Thus, the catalytic activity of the DNAzyme is negatively regulated by the input, which computes
—i3, as shown in the truth table. ¢ ANDANDNOT gate. By placing loops in all three possible positions,
we combine the AND gate with the NOT gate to produce an ANDANDNOT gate, which is active only
when inputs i; and iy are present but i3 is not present. Thus, this gate computes i; A iy A —i3, as
shown in the truth table. d ANDAND gate. By pre-binding the logic gate with strands complementary
to the true input strands, we can invert the sense of control of any of the input-binding loops. In this
example, the ANDANDNOT gate from c is converted into an ANDAND gate by reversing the action of
the i3 input. This is achieved by pre-binding the logic gate with the c3 strand, which binds to the
input-binding loop in the catalytic core and deforms the catalytic core. Then, when input i3, which
is complementary to c3, is added, it binds to c3 via the short, single-stranded, exposed “toehold”
and removes c3 from the logic gate via roehold-mediated strand displacement [133, 139], which
allows the catalytic core to refold. This reaction effectively converts the i] ANDip ANDi3 gate into an
1] ANDip ANDNOTI3, while simultaneously removing input i3 from solution. The inputs i; and i, then
bind to the other input-binding loops as normal. Thus, the DNAzyme is active only when all three
inputs are present, which yields an ANDAND gate that computes i; A iz A i3, as shown in the truth
table
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catalytic activity of the DNAzyme. Thus, we were able to use this loop to negatively
regulate DNAzyme catalysis, producing a NOT gate that computes —i3, as shown in
Fig. 1.2b. In this gate design, when an input strand binds to the molecular beacon
loop in the catalytic core, the resulting conformational change distorts the catalytic
core by pushing the two halves of the catalytic core (and the two substrate binding
arms) apart, so that the DNAzyme cannot successfully bind and cleave its substrate.
Conversely, the closed state of the molecular beacon forms the correct catalytic core
structure so that substrate cleavage may occur, thus, the DNAzyme is active when
the input is absent and inactive when the input is present, as required for a NOT
gate [103].

As is well known, AND and NOT gates are complete for Boolean logic, assuming
that we can form circuits with arbitrary connections between the gates. We will return
to the question of gate connectivity when we discuss our more recent work in Sect. 1.4,
but here we observe that it is possible to implement more sophisticated information
processing using unconnected DNAzyme units. In particular, we constructed three-
input logic gates from a single DNAzyme by simultaneously modifying all three
potential control sites (the two substrate binding arms and the catalytic core) with
molecular beacons. Figure 1.2c shows the basic three-input logic gate, which is an
ANDANDNOT gate [58, 103] that computes the logic function i; A iy A —is. In this
case, the catalytic activity of the DNAzyme is positively regulated by the two input
binding loops on the substrate binding arms and negatively regulated by the loop in
the catalytic core.

The above examples of logic gate design show how direct application of molecular
beacon input-binding modules to DNAzymes can be used to implement certain one-,
two-, and three-input Boolean logic gates. To broaden our repertoire of logic gates,
we employed a strategy of pre-binding gates with blocking strands complementary to
certain input binding loops, so that they are initially held open as opposed to folding
closed. Then, by adding complementary inputs to strip off the blocking strands via
toehold-mediated strand displacement [133, 139], so that the effect of those inputs
was negated compared to our previous designs. Strand displacement is an alternative
technique for realizing molecular computation, which has been used previously to
implement digital logic circuits [89, 96], catalytic cycles [140], artificial neural net-
works [91], chemical reaction networks [19, 101] and nanomachines [134]. As an
example of this approach to DNAzyme logic gate construction, Fig. 1.2d illustrates
an ANDAND gate that computes the functioni; A iy A i3, by using a pre-bound block-
ing strand to reverse the sense of action of the molecular beacon in the catalytic core.
Thus, using this technique, a single DNAzyme can implement any Boolean formula
that is a conjunction of one, two, or three literals.

It is important to note that we can vary the sequences of substrate binding arms
(and of the corresponding substrate), which allows us to produce DNAzymes that
cleave different substrates, so we can simultaneously monitor the outputs of different
DNAzymes using different fluorophores. Similarly, we can vary the sequences of
the inputs (and of the corresponding input-binding loops) without affecting their
behavior: this allows us to replicate our logic gate motifs to compute the same logic
function for different sets of inputs. The only proviso here is that the chosen sequences
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must form the correct structures when they are prepared in the test tube, and that
there is no unintended cross-reactivity between the sequences. This is a general
challenge in the field of DNA nanotechnology, and there are mature algorithms and
software packages available to design nucleotide sequences that will fold to produce
the desired structures [25-27, 125, 135, 136].

Furthermore, we can implement OR gates implicitly by creating multiple gates
with different input patterns that cleave the same substrate. Since the substrate will
be cleaved when any of the corresponding gates are activated, this gives an implicit OR
connection between the gates. We can exploit these properties to construct systems
of large numbers of DNAzyme-based logic gates that operate in parallel arrays con-
nected by implicit OR connections, and we can predict the behavior of the ensemble
compositionally in terms of the behavior of the original logic gates.

Thus, we can implement any Boolean formula that can be converted into disjunc-
tive normal form (DNF) such that each clause contains at most three literals. This
abstraction of biochemical interactions as logic functions is a powerful organizing
motif that has since been adopted by many other groups working on solution-phase
molecular computation using other molecular computing frameworks [49, 71, 139].

Having developed a collection of elementary logic gates using DNAzymes, we
used them to assemble some straightforward demonstration systems. An early cir-
cuit that we constructed was a half-adder [106], which took two bits as inputs and
produced an output bit for the sum and an output bit for the carry. We used two
oligonucleotide inputs i; and i, to represent the two input bits: the presence of i;
denoted a value of 1 for the first input bit and its absence denoted a value of 0 the
first input bit. Similarly, presence or absence of i, encoded values of 1 or O for the
second input bit, respectively. The output bits were reported via different substrates,
cleaved by DNAzymes with different substrate binding arm sequences, which were
labeled with fluorescent molecules that emitted different colored light, which we
could monitor simultaneously. The collection of logic gates that implement the half
adder is presented in Fig. 1.3a: the value of the SUM bit is the XOR of the two input
bits, which we implemented using two parallel ANDNOT gates with opposite inputs
(SuM = (i} A —ip) V (ip A —i})), and the CARRY bit was generated by a straightfor-
ward AND gate (CARRY = i A ip).

We subsequently developed a larger system that implements a full adder [58],
which extends the half adder with an extra carry input bit i3, such that

SUM = (i} Alp Adz) V (i1 A =iy A —i3) V (ip A —iz A —ip) V (i3 A —ip A i)
CARRY = (i; Adp) V (i1 A13) V (I A 13).

The logic gates that make up the full adder system are presented in Fig. 1.3b. Since the
SUM output bit depends on the two input bits as well as the carry-in bit, this system
makes full use of the techniques from Fig. 1.2 for implementing arbitrary three-
input logic gates. With further progress on circuit designs that enable information
transmission in DNAzyme cascades (see Sect. 1.4), multiple full-adder units could
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Fig. 1.3 DNAzyme binary adder circuits. a A half adder circuit can be constructed using three
parallel DNAzyme logic gates. The sum bit is computed by an 1§ ANDNOTi; gate and a i, ANDNOTi|
gate which, together, compute the XOR of the two inputs. These gates cleave one output substrate,
labeled with fluorophore Fq and the corresponding quencher Q4. The carry bit is computed by a
single i; ANDi, gate, which cleaves another output substrate, labeled with a different fluorophore Fa
that emits in a different part of the electromagnetic spectrum from F1, along with the corresponding
quencher Q2. b The full adder circuit extends the half adder design to additionally process the carry
input i3

be chained together with the carry output of one serving as the carry input of the
next, producing a molecular system that can add larger binary numbers.

As we shall see below, there are alternatives to using molecular beacons for
controlling DNAzyme catalysis. Particularly noteworthy is work on multi-component
DNAzymes [10, 30-32, 46, 51, 52, 70, 76, 121] in which the DNAzyme strand is
split within the catalytic core to produce two parts that, individually, possess no
catalytic activity. Assembly of a catalytically active DNAzyme from these parts is
controlled by inputs that can implement logic functions. This idea has also been
generalized to self-assembling structures with more than two components [53, 54,
118].

1.3 Towards Wide Circuits Via Parallel Gate Arrays

To move towards implementing larger-scale systems, we decided initially to expand
our circuits by adding additional gates with implicit OR connections via shared sub-
strate molecules. This can be viewed as increasing the “width” of the circuit, as
opposed to the “depth”, i.e., there is no sequential information transfer (or cascading)
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between DNAzyme gates. Specifically, we worked on developing large-scale arrays
of molecular logic gates that function as molecular automata, playing games of
strategy against human opponents. In this context, a key aspect of circuit design is
to render game strategies as Boolean formulae suitable for implementation using the
available molecular logic gates [102]. As the resulting formulae tend to be large and
complex, the challenge designing these automata was a good test of the extent to
which molecular logic arrays may be engineered to implement large formulae.

We have built three generations of game-playing automata, MAYA-I-III (origi-
nally standing for “Molecular Array of YES and AND gates™). In all three, the human
interacts with the automaton by adding input oligonucleotides corresponding to the
next human move, and these stimuli cause the logic gates comprising the automa-
ton to change state. These state changes record the history of moves and enable the
automaton to signal its move by activating certain DNAzymes to produce a fluores-
cent response. The original MAYA-I automaton [107] played a symmetry-pruned
game of tic-tac-toe (Fig. 1.4), and the subsequent MAYA-II automaton [66] played
an unrestricted version of tic-tac-toe using a richer encoding of inputs (not shown).
MAYA-III [82] could be trained to play specific strategies in a specially designed
simple game, though we will not discuss MAYA-III in detail here.

In MAYA-L, the tic-tac-toe board is represented by 9 wells in a 3 x 3 section of
a well plate, which we number 1-9 (Fig. 1.4). We assume that the automaton moves
first and always claims the center well (well 5), and that the human’s first move is
either well 1 (if claiming a corner) or well 4 (if claiming a side). This symmetry
pruning restricts play to just 19 legal games, which made it feasible to exhaustively
test the automaton [107]. The automaton is programmed with an optimal strategy,
so that the automaton will win 18 of the 19 possible games, with the human earning
a draw only by playing perfectly.

The board is prepared by adding the requisite DNAzyme logic gates (Fig. 1.4a)
to each of the 9 wells: there are 23 logic gates in total. The game is initiated by
adding the required Mg?" ions to all wells; since well 5 is the only well containing
a non-logic-gated DNAzyme, that DNAzyme immediately activates and produces
a fluorescent signal indicating that MAYA has claimed well 5. Human moves are
represented by eight input oligonucleotides, corresponding to the 8 remaining wells,
which are added to all wells to signal the next human move. Thus, each well records
all moves made by the human, and after each human move each well independently
computes whether it will be the next well claimed by the automaton. This is possible
because the automaton’s strategy is fixed, and the automaton’s program is such that a
single well will activate in response to each human move. An example of a gameplay
sequence for the MAYA-I system is presented in Fig. 1.4b, and the Boolean logic
functions computed by the logic gates in each of the nine wells are shown in Fig. 1.5.

Our follow-up work on the MAYA-II automaton removed the restrictions on the
moves available to the human player, so that the initial human move could claim
any of the 8 peripheral wells. This increased the number of legal games from 19 for
MAYA-I to 76 for MAYA-II. We also increased the number of inputs from 8 to 32,
encoding not just the well number but also the order of selection of that well in the
game sequence. Thus, the number of logic gates implementing the game strategy
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(i) The automaton moves first in middle well, activated by adding
Mg?* to all wells.

(ii) The human player adds input i, to all wells, which only activates
the YES i, gate in well 1 to signal the automaton's response.

(iii) The human player adds input ig to all wells to block a diagonal.
All wells now contain inputs i; and ig, and thus the i; AND ig gate in
well 3 is activated to signal the automaton's response.

(iv) The human player has no winning move, and adds input i,

to all wells to block a row. Since all wells now contain inputs iy, ig4,
and ig, the i, AND ig ANDNOT i, gate in well 7 is activated, which
completes a diagonal and the automaton wins the game.

Fig.1.4 MAYA-I, an automaton that plays a symmetry-pruned game of tic-tac-toe. a Distribution of
logic gates in wells. The center well (5) contains a DNAzyme without any logic gate attachments,
while the other wells contain logic gates. Gates used in the example game from b are boxed.
b Example gameplay for a game in which the human does not play perfectly and therefore loses
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Fig. 1.5 The Boolean logic functions computed by the logic gates in each of the nine wells of the
MAYA-I automaton

increased from 23 for MAYA-I to 96 for MAYA-II. We introduced a second set of
logic gates that respond to human moves by fluorescing in a second color, using 32
YES gates (4 in each of the 8 peripheral wells). Aside from these changes, the basic
mechanism of game playing is the same as for MAYA-I, so we do not discuss it
further here.

From an information processing perspective, MAYA-II is not significantly more
capable than MAYA-I. However, the main advance in the development of MAYA-IT
was the engineering feat of scaling the system up from 23 gates in MAYA-I to a
total of 128 gates in MAYA-II. In scaling up the system we learned that individual
DNAzymes that work perfectly in isolation may fail due to unwanted interference
when placed in a parallel OR-gate array with other DNAzymes. Predicting such
cross-reactivity and designing to avoid it is a major challenge in the implementa-
tion of molecular computing systems, as discussed in Sect. 1.2. In the context of a
molecular automaton such as MAYA-I or MAYA-II, however, each gate must be
designed not just against the other gates present in the same well, but also against
the constraints imposed by shared sequences that may appear in other wells, such as
input binding loops and substrate binding arms. Recent work on computational opti-
mization of nucleic acid structures [25, 125, 135, 136] may aid future work in this
direction, although it seems likely that designing the large number of gates present
in the MAYA-II system would remain challenging even with the assistance of such
computational tools.

The MAYA-I and MAYA-II automata were hardwired to play a fixed strategy
in the game of tic-tac-toe. In contrast, for the MAYA-III automaton [82] we started
with a blank slate and invented a simple retributive game, which we called tit-for-
tat, which is played on a 2 x 2 board, and for which there are 81 different winning
strategies. Our goal was to demonstrate a molecular computing system that could
be “trained by example” to play a particular strategy in the tit-for-tat game. We will
not go into the details of the tit-for-tat game and of the MAYA-III implementation
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that plays it, except to say that the system consisted of 4 YES gates and 12 AND gates
implementing the game logic, that were each augmented with an additional input
binding loop that detects the training inputs. This allows a non-expert user to select
the automaton’s strategy in a training phase that mimicks the real gameplay but using
the training inputs instead of the gameplay inputs, which “teaches” the system by only
activating the required gates in individual wells of the automaton to enable the correct
responses for the intended strategy. From a computational standpoint, the training
inputs are simply an instance of “staging” the inputs to the system, although in the
MAYA-III design the training inputs were designed with an additional overhanging
toehold, making it possible to retrain a trained system (before it has been used for
gameplay) by removing the training inputs via strand displacement. This capability
relies on the fact that the input-binding loops will refold into their “closed” hairpin
conformation once the training input has been stripped away.

1.4 Towards Deep Circuits Via Signaling Cascades

Our experience developing the MAYA series of molecular automata was valuable in
that we learned that engineering large-scale assemblies of parallel DNAzyme logic
gates is possible, although sometimes challenging. A particular limitation of the
MAYA approach is that parallel arrays of the available molecular logic gates cannot
implement all possible Boolean formulae: any formula whose DNF representation
contains a clause with four or more literals cannot be implemented using our available
logic gates using a parallel OR-gate array. This is a limitation of our DNAzyme-
based framework, as we only had three available locations for functionalization of
the DNAzyme with input detection modules. For formulae that are not in DNF,
functional completeness [124] can only be achieved by multi-layer circuits, which
require arbitrarily many layers to implement arbitrary formulae, in general. The
natural remedy for this limitation is to develop methods to connect DNAzyme logic
gates via signal propagation cascades, which would enable us to connect DNAzymes
into “deep circuits” so that we could, at least in principle, construct a circuit to
implement any Boolean logic formula.

Contemporaneously with the work described in Sect. 1.3, we carried out some
initial investigations into connecting DNAzymes into signaling cascades and multi-
layer logic circuits. We initially developed a two-layer logic cascade in which an
upstream ligase DNAzyme (which joins two short substrates into a longer product)
activated a downstream phosphodiesterase (substrate cleaving) DNAzyme [105].
This demonstrated signal transmission but precluded building circuits deeper than
two levels, as a different kind of DNAzyme was used in the two levels. We also
explored the construction of networked DNAzymes attached to microspheres [132],
whereby substrate molecules were cleaved from a microsphere once the nearby
DNAzyme logic gates were activated, allowing the substrates to diffuse to another
microsphere and serve as inputs for the DNAzyme logic gates attached to the second
microsphere, thereby achieving signal transmission. This provided a more promising
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framework for the implementation of deep circuits, as well as offering the opportu-
nity for sequence reuse on different microspheres; however, signal attenuation was
significant because the DNAzymes and their substrates were both attached to fixed
points on the microsphere, reducing the amount of turnover by activated DNAzymes
and hence limiting the potential for scaling up the system.

Thus, we looked for an alternative approach to implement robust, scalable mech-
anisms for signal transmission in deep circuits of DNAzyme logic gates. We began
from the observation that, if we are to implement signal transmission from one
substrate-cleaving DNAzyme to another, then the substrate cleavage reaction must
enable some downstream reaction involving the cleavage products that was not pos-
sible with the uncleaved substrate molecule. Since the cleavage products will both
be sub-sequences of the longer uncleaved substrate, this is a non-trivial engineering
problem. We addressed this problem by developing substrate molecules that were
structured, as opposed to the linear, unstructured substrates used in our prior work
on DNAzyme logic gates (Sect. 1.2). Thus, the full sequence of the downstream acti-
vator strand is present in the uncleaved substrate structure but is folded up in the
structure and is therefore prevented from reacting with any other DNAzymes in the
system.

The design of structured DNAzyme substrates is technically challenging because
the structure must balance pre-cleavage stability (to prevent undesired activation
without cleavage of the substrate) with post-cleavage instability (to promote rapid
activation when the substrate sas been cleaved). We worked on a number of potential
designs for these structured substrates, which we summarized previously [55], before
settling on a design for a substrate that provided a workable compromise between
these concerns [15]. Our structured chimeric substrate (SCS) design is summarized in
Fig. 1.6a, and consists of a dual stem-loop design. The inner stem and loop sequester
the sequence that will activate the downstream DNAzyme, and the outer stem and
loop contain the binding and cleavage sites for the upstream DNAzyme. We found
that the enhanced stability conferred by the combination of the two stems was vital
to maintain stability of the SCS structure prior to cleavage.

The mechanism by which the upstream DNAzyme binds and cleaves the structured
substrate is illustrated in Fig. 1.6b. The upstream DNAzyme binds to the SCS via
the external toehold and initiates a strand displacement reaction with one of its
substrate binding arms, thereby opening the outer stem of the SCS (reaction 1).
The second arm of the upstream DNAzyme can then bind to the outer loop and
position the SCS cleavage site correctly with respect to the catalytic core of the
upstream DNAzyme (reaction 2). Following cleavage of the SCS strand (reaction 3),
the upstream DNAzyme unbinds (reaction 4), leaving a short waste strand along with
the remainder of the SCS strand, minus the outer stem, which we call the activator
strand. The structure of the activator is significantly weaker than that of the uncleaved
SCS, therefore, the downstream effector sequence contained within the activator
structure is made available to interact with downstream DNAzyme gates. Thus the
catalytic activity of the upstream DNAzyme causes a covalent modification to the
SCS molecule which alters its structure, causing signal propagation to a downstream
logic gate by release of the effector sequence.
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Fig. 1.6 Design of structured chimeric substrates for deep DNAzyme circuits. a The design of
our structured chimeric substrate (SCS) molecule consists of an inner stem and loop and an outer
stem and loop, and an external toehold. The inner stem and loop sequester the downstream activator
sequence, and the outer stem and loop comprise the upstream DNAzyme binding and cleavage
sites. The outer loop also contains the toehold that will enable the downstream activator to bind to
the downstream DNAzyme. We write core’ for a sequence consisting of part of the catalytic core
sequence of the 8-17 DNAzyme, rather than the full core sequence. b The mechanism of the SCS
cleavage reaction. Binding of the upstream 8-17 DNAzyme to the SCS initially displaces the outer
stem (reaction 1), opening the outer loop so that the upstream DNAzyme can bind to that part of
the SCS (reaction 2). This positions the catalytic core of the DNAzyme correctly with respect to
the SCS cleavage site, so that the DNAzyme can cleave the SCS (reaction 3). Unbinding of the
DNAzyme from the cleaved SCS recycles the DNAzyme and produces a short waste strand and
a downstream activator (reaction 4). This activator is structurally weaker than the SCS because it
only contains a single stem, and can therefore interconvert into a linearized form. ¢ The linearized
activator strand interacts with a downstream DNAzyme that has been inhibited by hybridization
with a partially complementary inhibitor strand. The activator binds to a complementary toehold on
the downstream inhibitor strand and initiates a strand displacement reaction that displaces an active
downstream DNAzyme and produces an inert waste complex. The displaced DNAzyme can then
cleave its own substrate, which may be a fluorescently-labeled linear readout substrate (as shown
here) or another SCS molecule that enables further signal propagation



16 M.R. Lakin et al.

We used the SCS design from Fig.1.6 to implement several “deep” circuits
that were beyond the capabilities of our previous framework of parallel logic
gates (Sect. 1.3). In this context we used a different design for DNAzyme logic gates
that were inhibited via direct hybridization with an inhibitor strand and activated via
toehold-mediated strand displacement [16], as shown in Fig. 1.6c. The practical rea-
son for this was that using toehold-mediated strand displacement allows us to control
the binding pathway in the activation reaction: this information was helpful in deter-
mining which parts of the activator sequence to protect, and how, when designing the
SCS molecules [55]. We also based these logic gates on the Zn>*-dependent “8—17”
DNAzyme motif [93], which is more compact than E6 and has a higher catalytic
rate.

As a proof-of-concept for depthwise scaling of DNAzyme circuits using our SCS
design, we implemented multi-stage linear signaling cascades up to five layers deep,
as outlined in Fig.1.7a. The cascade consists of a series of inactive DNAzymes,
which are activated in turn by a cleaved SCS in a strand displacement reaction, and
proceed to cleave their own SCS molecule to activate the DNAzyme in the next
layer. This system was inspired by protein signaling cascades such as the MAP
kinase phosphorylation cascades [85, 95]. Experimental results from this system for
two-, three-, four-, and five-layer variants of the cascade are shown in Fig. 1.7b, c.
This cascade comprised only strand-displacement “YES” gates: we have also used
the SCS approach to connect DNAzymes controlled via molecular beacons, such
as those from Sect. 1.2—see the Supporting Information from [15] for details. This
work demonstrates that multi-layer DNAzyme networks may be implemented pro-
vided that the information transmission interfaces between DNAzymes are designed
carefully, and opens the possibility of scaling up the parallel OR-gate arrays discussed
above by connecting the logic gates in multi-layer circuits.

Furthermore, to demonstrate the inclusion of logical processing into SCS circuits,
we designed a two-layer, three-input AND circuit using two strand displacement-
based AND gates that require two inputs to activate each DNAzyme [16] via a coop-
erative strand displacement reaction in which the two input strands simultaneously
displace part of the sequestered DNAzyme strand [138], as shown in Fig. 1.8a. As
a demonstration of our systems’ potential applicability for virus detection, we used
the circuit template from Fig. 1.8a to implement four logic circuits to detect and dis-
tinguish all four serotypes of dengue virus [9, 100]. We chose four target sequences
unique to the four serotypes and two generic sequences conserved across the four
serotypes, and designed four three-input AND systems that require both generic inputs
and a particular serotype-specific input to be present before the fluorescent output is
triggered. Experimental results for these circuits are summarized in Fig. 1.8b, show-
ing that the AND logic functions correctly. Furthermore, each version of the circuit is
only sensitive to one serotype—see the Supporting Information from [15] for details.

Our approach to depthwise scaling of DNAzyme circuits using the SCS approach
was successful because of the use of the SCS as an intermediary between the com-
municating DNAzymes. This removed the need for direct interaction between the
DNAzymes, which allowed us to standardize the SCS design and enabled simpler
scaling of the circuit. We believe that this approach could be deployed to implement
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Fig. 1.7 Multi-layer DNAzyme signaling cascades. a Signaling cascade reactions. In each layer
of the cascade, an active DNAzyme cleaves the corresponding SCS, producing an activator that
activates the downstream DNAzyme via a strand displacement reaction, thereby propagating the
activating signal to the next layer of the cascade. In the final layer (layer 1), the activated DNAzyme
cleaves a linear fluorescent reporter substrate to generate an output signal. b Experimental data
from DNAzyme signaling cascades. The mean fluorescence signal (solid lines) from multi-layer
DNAzyme signaling cascades with equal concentrations (100nM) of each DNAzyme from each
layer. The dashed lines represent the same reaction without the top-layer active DNAzyme, which
measures the non-specific activation (leakage) of the cascade. ¢ Further experimental data from
multi-layer DNAzyme signaling cascades with increasing DNAzyme concentrations in each layer
(25nM in layer 4, 50nM in layer 3, 75nM in layer 2, and 100nM in layer 1), to demonstrate signal
amplification. In both b and ¢, the dotted linesrepresent the 95 % confidence interval from three
replicate experiments

arange of interesting dynamical behaviors such as DNAzyme feedback systems. An
interesting direction for future work would be to engineer inhibitory connections
between DNAzymes, which would permit the implementation of more kinds of cir-
cuit derived from gene networks explored in systems biology [7], such as DNAzyme
oscillators [33, 38].

We are gratified that other groups have also begun to explore DNAzyme-based
computation cascades. For instance, the Kolpashchikov group has published [35] a
design similar to our structured substrate molecule. In that work, cleavage of the
structured substrate directly released a downstream DNAzyme that generates an out-
put signal via a color change in the solution, which limits the possibilities for scaling
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Fig. 1.8 Multi-layer diagnostic logic circuits for the detection of sequences from the genomes
of all four dengue serotypes. a Circuit design template. The diagnostic circuit for serotype DEN-
k (k € {1, 2,3, 4}) requires the presence of two conserved sequences from the dengue genomes
(which we call “DengueA” and “DengueB”) and one sequence specific to the serotype of interest
(which we call “DEN-k"). The circuit consists of two DNAzyme-based AND gates, whose inhibitors
contain mismatched bases to promote rapid activation [16]. When both upstream inputs are present,
the upstream DNAzyme is displaced by a cooperative strand displacement reaction involving both
input strands simultaneously [138]. The active upstream DNAzyme cleaves an SCS molecule,
producing an activator that serves as one input to the downstream logic gate. If the second conserved
dengue sequence is also present, it serves as the second input to the downstream logic gate. When
the downstream DNAzyme is activated, it generates a fluorescent output signal as before. Thus,
all three inputs must be present to produce an output, which would increase confidence in the
diagnosis in a practical application. We derived detection circuits for all four dengue serotypes
(DEN-1 — 4) by modifying part of the upstream logic gate and the SCS molecule. b Experimental
data for all four dengue serotyping circuits, showing correct operation of all four instantiations
of circuit template using all eight combinations of the two conserved sequences and the correct
serotype-specific sequence. Error bars represent the 95 % confidence interval from three replicate
experiments
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up to larger systems. Additionally, the Willner group has developed logic cascades
based on DNAzymes which used a two-strand substrate structure [30]: see [121]
and citations therein. Finally, other workers have explored DNAzyme cascades in
which each DNAzyme directly activates the next by cleaving away an inhibitor strand
that was holding the DNAzyme in an inactive, quasi-circular conformation [10], and
cross-catalytic amplification cycles in which circularized DNAzymes are linearized
by the cleavage reaction [61].

1.5 Towards Applications in Biodetection

In the previous section, we described a two-layer, three-input AND circuit that detected
synthetic oligonucleotide targets with sequences corresponding to segments of the
four dengue virus genomes. In this section, we briefly review recent work, by our-
selves and others, on moving DNAzyme-based logic systems toward practical biode-
tection applications.

We used as a basis for our biodetection work the strand displacement-based
DNAzyme YES gates described in Sect. 1.4. We extended this gate design by incorpo-
rating a separate “input binding” module that, when activated, releases a secondary
toehold from a loop so that a secondary “fuel” strand can complete the displace-
ment of an active DNAzyme from the complex, as shown in Fig. 1.9a. This two-step
process allowed us to retain the strand displacement mechanism of activation while
separating the input sequence from that of the DNAzyme itself, so that each may be
changed independently of the other. We used this gate design to demonstrate detec-
tion of oligonucleotides and of small molecules (such as ATP) via aptamer binding,
whereby the small molecule target binds to a particular DNA subsequence that is
known to have high binding affinity for the target molecule. We also used this sensor
platform to detect genes on DNA extracted from bacteria [14]. Some results from
the detection of genetic elements on bacterial DNA are shown in Fig. 1.9b, c, and
demonstrate sequence specificity as well as the possibility of detecting a technically
challenging double-stranded target. This is a realistic model biodetection assay: most
viable protocols for pathogen detection will include similar sample preparation steps.

The use of DNAzymes for biodetection and other analytical chemistry applica-
tions has also been explored extensively by other groups, as the innate catalytic
activities of DNAzymes make them useful for implementing both detection and out-
put functionalities. The Willner group has published a range of papers on analytical
applications of DNAzymes and DNAzyme logic [31, 64, 112, 118-120], as have
the Lu group [44, 57, 60, 63, 123, 126-128, 130, 141], the Li group [2-6, 40, 68,
113, 114], the Kolpashchikov group [35, 36, 51, 52], and the Liu group [41-43]. A
good example of the output capabilities of DNAzymes is the peroxidase-mimicking
DNAzyme which, when activated, turns the solution from clear to colorless. This
DNAzyme has been used to produce a visual output from several molecular logic
systems [28, 35]. In addition, one of us (D.S.) has worked on applying the molecular
beacon-based DNAzyme motifs from Sect. 1.2 to the problem of virus detection [86],
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Fig. 1.9 Modular, DNAzyme-based biosensor design and experimental data. a Our biosensor
design consists of orthogonal “detection” and “reporter” modules. DNA detection targets, such
as single-stranded oligonucleotides or denatured double-stranded DNA, bind to the detection mod-
ule by toehold-mediated strand displacement and, in doing so, expose the secondary toehold in the
reporter module. In both cases, this allows the fuel strand to bind and complete displacement of the
DNAzyme strand from the inhibitor, which can then fold into a catalytically active conformation
and generate an amplified fluorescent output by cleaving fluorescently-labeled substrates. b and ¢
Detection of genes on denatured plasmid DNA extracted from bacteria. As a demonstration, we
designed five biosensors using a common reporter module but varying the detection module, to
detect five genetic sequences from plasmids encoding GFP-fusion protein variants: a commercially
available Emerald GFP plasmid (“emGFP”) and a Pinpoint Xa plasmid containing a SNAP25-GFP
fusion protein [94] (“SNAP25”). Three biosensors targeted genetic sequences common to both
plasmids (which we called C1-3), one targeted a sequence specific to emGFP (which we called E),
and the final biosensor targeted a sequence specific to SNAP25 (which we called S). Results from
detecting the emGFP and SNAP25 plasmids using the five biosensors individually are shown in b
and c, respectively. In b we observe a strong response from C1-3 and E, and a weak response from
S, as expected. Similarly, in ¢ we observe a strong response from C1-3 and S, and a weak response
from E. Thus, our biosensors are specific to their detection target sequences and can be used to
detect bacterial DNA in realistic assay scenarios
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demonstrating the use of well-plates as fluorescent seven-segment displays for mul-
tiplexed detection of oligonucleotide inputs corresponding to representative viral
sequences.

1.6 Conclusions

In conclusion, we have reviewed almost fifteen years of work in our laboratories on
the development of DNAzyme-based logic systems. Our early research on solution-
phase molecular logic systems was among the first work in this direction, and this
approach to molecular logic has now become broadly accepted in the community.
That said, recent work [73, 90, 111] hints at a move towards implementing entire
molecular computing systems on a single surface. This line of research aims to
combine the advantages of autonomous molecular logic, as described here, with the
additional benefits conferred by confinement to a surface, such as the possibility
for direct sequence reuse in different parts of the circuit. Our work on large-scale
molecular automata, which we characterize here as a move towards “wide” circuits of
gates operating in parallel, demonstrated that molecular systems can implement non-
trivial interactive systems, and we are hopeful that there will be future incarnations of
the MAYA series of automata, subject to the difficulty of rendering game strategies
as Boolean formulae [102].

Our subsequent work on DNAzyme cascades and multi-layer logic circuits, which
we characterize here as a move towards “deep” circuits, illustrates the challenges
involved in connecting substrate-cleaving DNAzymes into sequential logic circuits.
Inspired by protein cascades, our chosen mechanism relied on the secondary structure
of the uncleaved substrate molecule to sequester the downstream activator sequence
prior to cleavage. However, there may be other potential approaches: in particular, our
previous work on DNAzyme ligase logic gates [105] suggests a possible way forward,
in which DNAzyme processing units assemble activators (or inhibitors) from short,
inactive strands to regulate other DNAzymes. The difficulty with this approach is that
turnover in ligase systems is severely restricted by the stability of the bond between
the DNAzyme and the ligated product strand. These issues notwithstanding, the sheer
variety of chemical reactions that can be catalyzed by DNAzymes [11, 17, 18, 34,
39, 59, 72, 78, 87, 98, 99, 122, 131] offers intriguing possibilities for DNAzyme
information processing units as components of a “synthetic metabolism” in artificial
living systems [109, 129]; here we may draw inspiration from fascinating work on
self-replicating ribozymes [45, 48, 56, 62, 75, 79, 80, 116, 117, 137]. Ribozymes
are RNA enzymes, which are similar to DNAzymes but occur naturally, and which
may have formed a key component of prebiotic “life”.

Our work, and the work of others, on DNAzyme biosensors highlights a key prac-
tical advantage of DNAzyme technology: despite the wide array of reactions that
DNAzymes catalyze, they are still just short, single strands of DNA and are there-
fore relatively simple to design, very cheap to synthesize, and robust to degradation in
the laboratory. In particular, the efficient RNA-cleaving activity of many DNAzymes
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makes them attractive for use in gene silencing applications, as they can cleave the
RNA molecules that serve as an intermediary in the gene expression process, thereby
rendering them inoperable. Preliminary work has demonstrated that DNAzymes can
function in the intracellular chemical environment [46]: potential therapeutic appli-
cations of DNAzymes include cancer therapy [21-24, 29, 50, 69] and antiviral
applications [84]. This work offers a direct route to the development of logic-based
molecular therapeutics that perform non-trivial information processing based on the
observed intracellular chemical environment before making an informed decision
about whether to activate its therapeutic gene-silencing DNAzyme payload. This
offers the potential for highly targeted therapy, so that well-defined cell types (such
as tumor cells) may be eliminated with minimal side effects. Thus, there is great
potential for future research in DNAzyme-based computing systems in a wide range
of fields, from logic and artificial life to biomedical diagnostics and therapeutics.
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