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Abstract

A major challenge in nanoscience is the design of synthetic molecular devices that runautonomously
(that is, without externally mediated changes per work-cycle) and areprogrammable(that is, their behav-
ior can be modified without complete redesign of the device).DNA-based synthetic molecular devices
have the advantage of being relatively simple to design and engineer, due to the predictable secondary
structure of DNA nanostructures and the well-established biochemistry used to manipulate DNA nanos-
tructures. However, ideally we would like to minimize the use of protein enzymes in the design of a
DNA-based synthetic molecular device. We present the design of a class of DNA-based molecular de-
vices using DNAzyme. These DNAzyme based devices are autonomous, programmable, and further
require no protein enzymes. The basic principle involved isinspired by a simple but ingenious molec-
ular device due to Mao et al [34] that used DNAzyme to traverseon a DNA nanostructure, but was not
programmable in the sense defined above (it did not execute computations).

Our DNAzyme based designs include (1) a finite state automatadevice,DNAzyme FSAthat exe-
cutes finite state transitions using DNAzymes, (2) extensions to it including probabilistic automata and
non-deterministic automata, and (3) its application as aDNAzyme routerfor programmable routing of
nanostructures on a 2D DNA addressable lattice. Furthermore, we give a medical-related application,
DNAzyme doctorthat provide transduction of nucleic acid expression: it can be programmed to respond
to the under-expression or over-expression of various strands of RNA, with a response by release of
an RNA (The behavior of our nucleic acid transduction devices is similar to those of the prior paper
of Shapiro[3], but ours have the advantage that they operatewithout use of any protein enzymes.) In
addition, we describe some background theory and mathematical models essential to the operation of
our devices, including stochastic models for simulation ofstrand displacement, and the operation of
DNAzyme.

1 Introduction

1.1 Prior Autonomous Molecular Computing Devices

In the last few years the idea of constructing complex devices at the molecular scale using synthetic materials
such as DNA has gone from theoretical conception to experimental reality.

(a) DNA Tiling Assemblies. One theoretical concept that had considerable impact on experimental
demonstrations was that of Wang Tiling; this is an abstract model that allows for a finite set of 2D rectangles
with labeled sides to assemble 2D lattices by appending together tiles at their matching sides. Winfree first
proposed the use of DNA nanostructures to achieve Wang Tiling computations; the DNA nanostructures
known asDNA tilesthat self-assemble into 2D lattices as determined by the tiles pads (ssDNA on the sides
of the tiles that can hybridize to other tile’s pads). The last decade has seen major successes in experimental
demonstrations of the use of such DNA tiling assemblies to construct patterned lattices and tiling computa-
tions. DNA tiling assemblies have been used effectively in construction of periodic two-dimensional lattices,
such as those made from double-crossover (DX) DNA tiles [38], rhombus tiles [18], triple-crossover (TX)
tiles [15], and “4x4” tiles [40], as well as triangle lattices [17] and hexagonal lattices [8]. They have also
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been used for the construction of patterned lattices [39] bydesigning the DNA tile pads to program compu-
tations. The use of DNA tiling assembly has two major advantages over most other methods for molecular
computation, since it: (i) operates entirely autonomously, without outside mediated changes, and (ii) does
not require the use of protein enzymes.

DNA tiling assemblies do have limitations: in particular, in general as currently conceived, they do not
allow for the molecular devices (the tiles in their case) to transition between multiple states (except of course
for their free or assembled states). In contrast, many complex molecular mechanisms found in the cell can
transition into multiple states, allowing far more flexibility of application.

(b) Autonomous Molecular Computing Devices that Execute Multiple State Transitions: There
are only two other known methods for DNA computation that operate autonomously. Both use ingenious
constructions, but require the use of enzymes.

(i) The whiplash PCR machinesof [20, 21, 24, 37]. These however, can only execute a small number of
steps before they require changes in the environment to execute further steps. Also, they require the use of
polymerase enzyme.

(ii) The autonomous DNA machines of Shapiro[4, 2, 3], which execute finite transitions using restriction
enzymes. The autonomous DNA machine [3] demonstrated molecular sensing and finite state response
capabilities for that could be used for medical applications (though the demonstrations were made in test
tubes only, rather than in natural biological environmentsas would be required for their medical applications).
Their paper was important motivational factor in the work described here.

1.2 Our Main Contribution

This paper provides the first known design for a DNA-RNA baseddevices that (a) operates autonomously,
(b) do not require the use of protein enzymes, and (c) allow for the execution of multiple state transitions.
Our designs make use of certain prior DNA nanomechanical devices, which will be discussed below.

1.3 DNA Nanomechanical Devices

1.3.1 Prior Nonautonoumous Nanomechanical DNA Devices

A variety of DNA nanomechanical devices have been constructed that exhibit motions such as open/close
[29, 30, 43], extension/contraction [1, 11, 16], and rotation [19, 35, 41]. The motion of these devices is
mediated by external environmental changes such as the addition and removal of DNA fuel strands [1, 11,
16, 29, 30, 35, 41, 43] or the change of ionic strength of the solution [19]. For example, non-autonomous
progressive walking devices, mediated by the addition and removal of DNA strands, were constructed both
by Seeman [27] and Pierce [28]. Although in many cases ingeniously designed, these devices need external
(human or automation-based) intervention for each step of their motions. These synthetic DNA devices are in
sharp contrast with cellular protein motors and machines onmacroscale that operate autonomously, without
requiring any interference.

1.3.2 Prior Autonoumous DNA Nanomechanical Devices

Recent times have seen significant progress in constructionof DNA nanomechanical devices that execute
autonomous, progressive motions. Reif [23] gave two designs for autonomous DNA nanomechanical devices
that traverse bidirectionally along a DNA nanostructure. Turberfield et al proposed using DNA hybridization
energy to fuel autonomous free-running DNA machines [36]. Peng et al [42] was the first to experimentally
demonstrate an autonomous DNA walker, which is an autonomous DNA device in which a DNA fragment
translocates unidirectionally along a DNA nanostructure.It used DNA ligase and restriction enzymes.

Recently Mao demonstrated two autonomous DNA nanomechanical devices driven by DNA enzymes
(non-protein), namely (a) a tweezer [10, 9] which is a DNA nanostructure that open and closes autonomously



and (b) a DNA crawler [34] using DNA enzyme, which traverses across a DNA nanostructure.
Their crawler device contains a DNA enzyme (DNAzyme) that con- Walker
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Figure 1: Overview of Mao’s
crawler [34] constructed using
DNA enzyme

stantly extracts chemical energy from its substrate molecules (RNA) and
uses this energy to fuel the motion of the DNA device. This DNAzyme-
based crawler integrates DNAzyme activity and strand-displacement reac-
tion. They use 10-23 DNAzyme, which is a DNA molecule that cancleave
RNA with sequence specificity. The 10-23 DNAzyme contains a catalytic
core and two recognition arms that can bind to a RNA substrate. When the
RNA substrate is cleaved, the short fragment dissociate from the DNAzyme
and that provides a toehold for another RNA substrate to pairwith short
recognition arm of the DNAzyme. The crawler device traverses on a series
of RNA stators implanted on a nanostructure as shown in Figure 1.

Their crawler is the primary inspiration to our designs. While an inge-
nious device, there are a number of limitations of Mao’s DNAzyme-based
crawler: (1) it did not demonstrate the loading and unloading of nanoparti-
cles (2) it only traverses along a one dimensional sequence of ssRNA strands (stators) dangling from a DNA
nanostructure, and its route is not programmable (3) it doesnot execute finite state transitions beyond what
are required to move (that is, it does not execute computations).

1.4 Overview of this Paper and Results

The goal of this paper is to address the above limitations, providing substantially enhanced functionalities
to the prior DNAzyme-based crawler previously developed. All the devices described in this paper are
based on selective cleaving activity of DNAzyme and strand displacement processes. For the purpose of
modeling these devices, it becomes imperative to model the strand displacement and cleaving activity of
DNAzymes first. In the Section 2, we describe the kinetic models for these processes. We present the design
of DNAzyme FSA: a finite state machine based on the activity of DNAzyme and strand displacements in
Section 3. DNAzyme FSA can be easily extended to non-deterministic finite state automata and probabilistic
automata as described in Section 3.7 and 3.8. In Section 4 we present a medical related application of
DNAzyme FSA referred to asDNAzyme doctor. DNAzyme doctor is a molecular computer for logical
control of RNA expression using DNAzyme. Another application of DNAzyme FSA,DNAzyme router: a
DNAzyme based system for programmable routing of the walkeron a 2D lattice is described in Section 5.

2 Strand Displacement and DNAzyme

The devices described in this paper are based on selective cleaving activity of DNAzyme and strand dis-
placement processes. For the purpose of modeling these devices, it becomes imperative to model the strand
displacement and cleaving activity of DNAzymes first. In thenext subsections we describe the kinetic models
for these processes.

2.1 Strand Displacement

In a strand displacement process two strands compete against each other to hybridize with a third strand.
Figure 2.1 (a) shows a strand displacement process where strand B and C are competing against each other
to hybridize with strand A. This ultimately results in removal of one of the competing strands, and hence the
term strand-displacement.

Strand displacement can be modeled as a random walk of the junction where the two strands are compet-
ing against each other. For every step, the direction of migration of this junction is chosen probabilistically
independent of its previous movements. It has been shown that the strand displacement is a biased random
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Figure 2:(a) Strand displacement: moleculeB andC compete against each other to hybridize with moleculeA. (b)
Mechanism of the cleaving of RNA substrate by DNAzyme

walk in case of base-pair mismatches in these strands [5]. Inother words, migration probability towards the
direction with base-pair mismatches is substantially decreased.

Let us denote the nanostructure shown on top in Figure 2.1 (a)as moleculeABC. Let G◦
ABC be its free

energy. DenoteG◦
rABC andG◦

lABC as the free energy ofABC after 1 base pair migration towards right, and
left, respectively. Let∆G◦

r = G◦
rABC − G◦

ABC and∆G◦
l = G◦

lABC − G◦
ABC . Let pr be the probability of

the right-directional migration andpl be the probability of the left-directional migration. It has been shown
in [5] that pr ∝ exp(−∆G◦

r/RT ), similarly pl ∝ exp(−∆G◦
l /RT ), where the change of free energies can

be computed by the NN model [14]. Thompson et al[33] calculated the average time taken per base-pair
migration (time per step) to be of the order of 100µ sec. Strand displacement processes can be modeled as
discrete time Markov chain processes using the above mentioned parameters.

2.2 DNAzymes

DNAzyme (also known as deoxyribozymes, DNA enzymes, and catalytic DNA) is a DNA molecule with a
catalytic action. One of the widely used DNAzyme is 10-23 DNAzyme. It can cleave RNA with sequence
specificity. The 10-23 DNAzyme contains a catalytic core andtwo recognition arms that can bind to a
RNA substrate as shown in Figure 2.1 (b). The recognition domains provide both the sequence information
necessary to specify RNA substrate and the binding energy needed to hold the substrate within the active
site of enzyme. When the RNA substrate is cleaved, the short fragments dissociate from the DNAzyme.
Another well studied DNAzyme is 8-17 deoxyribozyme. It alsocontains a catalytic core and two recognition
arms. It is comparatively less flexible as compared to 10-23 DNAzyme in terms of target choice: 10-23 can
cut an RNA phosphodiester bond located at any purine-pyrimidine site, while 8-17 requires an AG or GG
site[12, 13].

Kinetics and thermodynamic characterization for cleavingactivity of 8-17 DNAzyme and 10-23 DNAzyme
are described in details in [6] and [32], respectively. RNA-cleaving activity of DNAzyme can be usually de-
scribed into three reversible steps as shown in the Figure 2.1 (b). First step is the hybridization of the enzyme
with the substrate. The second step is the cleaving of the substrate by the enzyme, which always requires
metal ions as cofactor. This is usually the rate determiningstep in the reaction. Third step is the release
of the cleaved product.k1, k2, andk3 are the respective forward rate constants, andk−1, k−2, andk−3

are the respective reverse rate constants for the above mentioned three reversible steps. Substrate cleavage
rate,k2 >> k−2 (ligation rate) suggests that enzyme has a strong preference for substrate cleavage over
ligation. Enzyme substance association rate,k1 >> k−1 (dissociation rate) which is responsible for high
enzyme-substrate association and hence high catalytic efficiency. Rate of product release step,k3 >> k2,
which shows that substrate cleavage (rate constantk2) is the rate determining step. It has been shown that
DNAzymes show a high degree of sequence specificity. Catalytic rate increases log-linearly with increasing
pH and linearly with various metal divalent cations. Under higherpH and modified divalent cation condi-
tions, the 10-23 DNAzymes can cleave withkcat of ∼ 10 min−1 and a catalytic efficiency,kcat/KM , of 109

M−1min−1[32].



3 DNAzyme FSA: DNAzyme Based Finite State Automata
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Figure 3:A finite state automata

A finite state automatacan be described as a 5-tuple(Σ, S, s0, δ, F ), whereΣ is a finite non-empty set
of symbols called input alphabet,S is a finite non-empty set of states,s0 ∈ S is an initial state,δ is the state
transition function (δ : S × Σ → S), andF ⊂ S is the set of final states.

Figure 3 illustrates an example of a finite state automata that accepts a binary string containing odd
number of 1s.

In this section, we describe a DNAzyme based finite state automata, referred to as DNAzyme FSA. At any
time an RNA sequence encoding an input symbol is examined by the DNAzyme FSA, then an appropriate
state transition takes place, and then the RNA sequence encoding the next input symbol is examined. This
process continues till all the input symbols are scanned andthe output of the DNAzyme FSA is its state at
the end of process.

x1a1a2 x2b2 x2 b1 x1

01

x1a1a2 x2

0

x
x1a1x2a2

b1b2a1a2

t1t2t1t2t1t2t1t2

x1x2x2 x1x

x

(a) (b)

Figure 4:(a) Encoding of 0 and 1 in DNAzyme FSA. (b) Protector strand partially hybridizes with the input strand to
form bulge loops. The sticky end formed at the end of the inputstrand outside of the bulge loops represents the active
input symbol. This scheme protects the input symbols other than the currently active symbol from becoming active.

3.1 Encoding the Input Symbols

First of all, we describe the way the input is encoded for the DNAzyme FSA. Input symbols 0 and 1 are
encoded as the RNA sequencesx1 · a1 · x2 · a2 andx1 · b1 · x2 · b2, respectively, wherea1, a2, b1, b2, x1,
andx2 are RNA sequences, and· represents concatenation. Figure 3 (a) illustrates this encoding of the input
symbols. It should be noted that 0 and 1 share common subsequencesx1 andx2. Also, there is a special
subsequencex at the end of the input subsequence. This is central to the working of the DNAzyme FSA as
will be explained later.

3.2 Active Input Symbol

While encoding the input for DNAzyme FSA, it is essential to have a mechanism to detect the current
input symbol that is being scanned by DNAzyme FSA. We will refer to this symbol asactive input symbol.
In order to implement this feature in DNAzyme FSA only a smallsegment of the RNA strand encoding the
input symbols is kept active. Most part of it is kept protected by hybridization with a partially complementary
sequence, referred to asprotecting sequence. It has not been shown in the Figure 3 (b) but the protecting
sequence should not be one continuous strand. Instead it should contain nicks at various positions. This is



necessary for the working of device and will be explained later. The active input symbol is represented by the
sticky end of the RNA sequence encoding the input. We refer tothis nanostructure asinput nanostructure.
Figure 3 (b) illustrates the idea. The input nanostructure encodes the input 010. The active input symbol
is rightmost 0 (in 010), and it is encoded by the sticky end of the input nanostructure, and hence is active.
However, the leftmost 0 and the 1 are encoded in the protectedportion of the input nanostructure. They
have been protected by hybridization with a protecting sequence. Since the protecting sequence is partially
complementary to the RNA sequence encoding the input symbols, it results in the formation of bulge loops.
In the Figure 3 b)a2, a1, b2, andb1 contain a subsequence complementary tot2, while x2 andx1 contain
subsequence complementary tot1. Since the RNA sequence encoding input is partially complementary to
the protecting sequencet2.t1.t2.t1... it forms the bulge loop structure as shown in the Figure 3 (b).Each
input symbol is hence represented by two bulge loops. It should be noted that the special sequencex at the
end of the input sequence andx̄ at the end of protecting sequence ensure that only the desired alignment
of protecting sequence with input sequence is favored. As a result, only the desired input nanostructure as
shown in Figure 3 (b) is formed.

3.3 States and Transitions

After the description of the input, next we describe the design of states and transitions in finite state machine.
In DNAzyme FSA, a network of DNAzymes is embedded on a two-dimensional plane, and the input nanos-
tructure is routed over it. The state of the DNAzyme FSA at anytime is indicated by the DNAzyme that
holds the input nanostructure at that time. During each state transition of DNAzyme FSA, the segment of
input nanostructure encoding the active input symbol is cleaved, the next bulge loop opens up exposing the
segment encoding next input symbol, thereby making it new active input symbol, and the input nanostruc-
ture jumps to another DNAzyme that indicates the new state ofDNAzyme FSA. In subsequent paragraphs,
we will explain in details the complete process of state transition in DNAzyme FSA. As shown in Figure 5
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Figure 5:(a) Figure illustrates the implementation of a state transition through DNAzymes. (b)D0,s1
in the transition

machinery for state transition at 0 combines with input nanostructure when active input symbol encoded by the sticky
end is 0. When the active input symbol encoded by the sticky end is 1, D1,s1

in the transition machinery for state
transition at 1 combines with the input nanostructure.

(a), a state transition from one state to another is implemented as two evenly spaced DNAzymes, referred
to astransition machineryfor that state transition. Each of these DNAzymes is tethered to another DNA
nanostructure, which forms part of the backbone of the DNAzyme FSA. DNAzymeD0,s1

andD′
0,s2

form
the transition machinery for state transition from states1 to states2 for input 0. Similarly, DNAzymeD1,s1

andD′
1,s2

form the transition machinery for state transition from state s1 to states2 for input 1. It should be
noted that in our nomenclature the first subscript of the DNAzyme specifies the active input symbol and the
second subscript specifies the states for a transition machinery.



The foremost thing to ensure in DNAzyme FSA is that if the active input symbol is 0, then the state
transition for input 0 should be taken. Similarly, if the active input symbol is 1, then the state transition for
input 1 should be taken.

In the transition machinery for state transition for input 0, the DNAzymesD0,s1
andD′

0,s2
contain DNA

subsequencesx2 · a1 · x1 andx1 · a2 · x2 respectively, at their free ends. The DNA subsequences ofD0,s1

is partially complementary to the RNA sequence that encode the symbol 0 (x1 · a1 · x2 · a2). This ensures
that only when the sticky end of input nanostructure isx1 · a1 · x2 · a2, it can hybridize with the DNAzyme
D0,s1

. Thus a state transition for 0 is not taken in DNAzyme FSA, unless the active input symbol is 0.
Similarly, in the transition machinery for state transition for input 1, the DNAzymesD1,s1

andD′
1,s2

contain DNA subsequencesx2 · b1 · x1 andx1 · b2 · x2 respectively, at their free ends. These subsequences
are partially complementary to the RNA sequence that encodethe symbol 1 (x1 · b1 · x2 · b2). As explained
earlier, this ensures that a state transition for 1 is not taken in the DNAzyme FSA, unless the active input
symbol is 1. Figure 5 (b) further illustrates the idea.

3.4 Description of State Transition
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Figure 6:(a) First half of a state transition by DNAzyme FSA froms1 to s2 at input 0 is illustrated. Sequence encoding
active input symbol 0 gets cleaved by DNAzymeD0,s1

, input nanostructure moves to next DNAzymeD′

0,s2
by strand

displacement, and the next bulge loop in the input nanostructure opens up in the process. (b) Second half of a state
transition by DNAzyme FSA froms1 to s2 at input 0 is shown. The mechanism is similar to the first half.However, in
this part the next input symbol and next state transition of DNAzyme FSA is determined, and the input nanostructure
lands up on the appropriate transition machinery for the next state transition to begin correctly.

In this section, we will describe the movement of the input nanostructure over the DNAzymes in a
transition machinery to carry out the state transition in DNAzyme FSA. Figure 6 (a) shows a transition
machinery for input 0. Initially, the input nanostructure is hybridized with the DNAzymeD0,s1

. The sticky
end of the input nanostructure represents the active input symbol 0, and therefore, the transition at input 0
is to be performed. First, the DNAzymeD0,s1

cleaves the input nanostructure as shown in Figure 6 (a).
Now the sticky end of input nanostructure has onlyx2 as complementary subsequence to the subsequence
x2 · a1 · x1 at the free end of DNAzymeD0,s1

. However, the longer subsequencex2 · a2 in its sticky end is
complementary with the subsequencea2 · x2 of DNAzymeD′

0,s2
. Therefore, a strand displacement process

takes place with the free ends of DNAzymesD0,s1
andD′

0,s2
competing against each other to hybridize with

sticky end (x2 · a2) of the input nanostructure. SinceD′
0,s2

provides a longer complementary subsequence,



ultimatelyD0,s1
is displaced and the input nanostructure is now hybridized with D′

0,s2
as shown in Figure 6

(a). It should be noted that the next bulge loop gets opened inthis process. An input symbol is encoded
across two bulge loops in the input nanostructure. As the first half of the sticky end (x1 · a1) encoding the
half of the active input symbol 0 got cleaved, the current sticky end isx2 · a2 · x1 · b1, that contains half of
the sequence encoding symbol 0 and half of the sequence encoding the symbol 1. This completes the first
half of the state transition by DNAzyme FSA.

The second half of the transition in DNAzyme FSA takes place in exactly similar manner. Half of the
sticky end (x2 · a2) of the input nanostructure that encodes the remaining halfof the active input symbol 0
gets cleaved, thus leaving onlyx1 as complementary to free end of DNAzymeD′

0,s2
(x1 · a2 · x2). At this

point the sticky end of the input nanostructure isx1 · b1 which is half of the sequence that encodes the input
symbol 1. It indicates that the next active input symbol is 1 and therefore, the next state transition should be
from states2 at input 1. This is ensured by the DNAzyme FSA in the followingway. Since the sticky end of
the input nanostructure is (x1 · b1), the DNAzymeD1,s2

that has the sequencex2 · b1 · x1 at its free end gets
involved in strand displacement withD′

0,s2
to hybridize with the sticky end (x1 · b1) of input nanostructure.

Because of the longer complementary sequenceD1,s2
ultimately displacesD′

0,s2
and hybridizes with the

sticky end of nanostructure. This results in the opening of next bulge loop in input nanostructure as shown
in Figure 6 (b).

It should be noted thatD0,s2
(with sequencex1 · b2 · x2 at its free end) does not have sequences comple-

mentary to the sticky end (x1 ·b1) of input nanostructure, so it can not get involved in any strand displacement.
Therefore, the input nanostructure is guaranteed to move tothe DNAzymeD1,s2

. After the opening of the
next bulge loop, the new sticky end (x1 · b1 ·x2 · b2) of input nanostructure encodes the input symbol 1. Thus,
the input nanostructure lands up in the appropriate transition machinery for the next state transition, and the
next state transition at input 1 can begin correctly.

It can be argued in a similar manner that during the second half of the transition, if the next active input
symbol was to be 0, the input structure would have moved from DNAzymeD′

0,s2
to D0,s2

instead of moving
to D1,s2

. We omit the explanation here for the sake of brevity.
Figure 6 (b) illustrates the second half of the state transition of DNAzyme FSA.
It should be noted that the strand displacement of the protector strand also takes place during the process.

But since it contains nicks, its fragments just wash away in the solution when they get completely displaced.

3.5 Complete State Machine
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Figure 7:(a) The DNAzyme implementation of the finite state machine shown on left. (b) Reporting sequence displaces
the probe strand from the stem of the DNAzyme that indicates the output state of DNAzyme FSA. Thus, the output can
be detected using fluorescent in-situ hybridization technique.

The components described above can be integrated to implement the complete finite state automata. Any



state transition in the DNAzyme FSA can be implemented by twoDNAzymes as described earlier. These
DNAzymes are embedded on a nanostructure that forms the backbone of the DNAzyme FSA. The address-
able nanostructures formed by DNA origami [25] or fully-addressable DNA tile lattices [22] might provide
useful nanostructures for this backbone. Hence, the state machine can be laid out on this nanostructure by
implanting a network of DNAzymes on it. The input nanostructure traverses over them in a programmable
way and keeps getting cleaved in the process.

Figure 7 (a) shows an implementation of a DNAzyme FSA (at the right) for the finite state automata
(at the left). It should be noted that the DNAzymes shown in the Figure 7 (a) are actually implanted on a
backbone nanostructure. The dashed lines represent the sides of these DNAzymes that are embedded in the
backbone nanostructure.

The output of the DNAzyme FSA is detected using insitu hybridization techniques. The details of the
protocol are described in Section 3.6.

3.6 Detecting the Output State

In this section we describe the technique to detect the output of the DNAzyme FSA after completion of
the computation on a given input. The state of DNAzyme FSA at the end of the computation is the output
state. A special sequence is incorporated inside the last bulge loop in the input nanostructure. We call it
asreporting sequence. In the DNAzyme FSA described above, as the state transitions take place, the input
nanostructure gets cleaved and the bulge loops open up one byone as explained earlier. When the input
gets cleaved upto the reporting sequence, the computation is completed. At this time the reporting sequence
becomes available, and its position on the DNAzyme FSA indicates the output state. The role of reporting
sequence in the detection of final state is described below.

Fluorescent in-situ hybridization (FISH)[7, 26, 31] is a cytogenetic technique which can be used to
detect and localize the presence or absence of specific DNA sequences on longer DNA strands. It uses
fluorescent probes which bind only to those parts of the DNA strands with which they show a high degree of
sequence complementarity. All unhybridized or partially hybridized probes disappear, and only the probes
that hybridized to the target are visible in fluorescence.

In our DNAzyme FSA, the stems of the DNAzyme stators containsa unique DNA subsequence. Let us
assume that DNAzymeDi contains the sequencep′i. The reporting sequence of the input nanostructure is
designed in such a way so that it has segments complementary to each of thesep′i subsequences. Hence,
reporting sequence is essentially a concatenation ofp′is. At the same time we have different probes each
corresponding to a different DNAzyme stator. Each of them islabeled with a different fluorescent dye. It
should be noted that probepi that is attached to DNAzymeDi is a subsequence ofp′i as shown in Figure 7
(b).

As mentioned earlier that the reporting sequence becomes available at the end of the computation. In
caseDi is the DNAzyme with which the reporting sequence is hybridized at one end,Di determines the the
output state. Sincep′i of the reporting sequence is a better complement top′i of DNAzymeDi as compared
to the probepi. Therefore, the reporting sequence displaces the probepi that contains the fluorescent dye
from DNAzymeDi, andpi disappears in the solution. Figure 7 (b) illustrates this process.

Hence, all other probes except the one that hybridized to theDNAzyme determining the output state are
visible in fluorescence. This protocol can be used to detect the output state of the automata.

3.7 Non-deterministic DNAzyme FSA

A nondeterministic finite state automatais a 5-tuple(Σ, S, s0, δ, F ), whereΣ is a finite set of input symbols,
S is a finite set of states,δ is a state transition function(δ : S × (Σ

⋃
{ǫ}) → P (S) whereP (S) is the power

set ofS), ǫ is the empty string,s0 ⊂ S is a set of initial states, andF ⊂ S is a set of final states. Figure 8



S0 S1 S20 1

0,1

S0

S2

S1

0

1

0

1

p

1-p

q

1-q

(a) (b)

Figure 8: (a) A non-deterministic finite automata that accepts(0 + 1)∗01 (b) Schematic of a probabilistic
automata. The transition from stateS0 on input0 takes place to stateS1 with probability p and to state
S2 with probability 1 − p. Similarly, the transition from stateS0 on input1 takes place to stateS1 with
probability q and to stateS2 with probability1 − q. p andq are real numbers between 0 and 1.

(a) shows one non-deterministic automata that accepts the language(0 + 1)∗01 (the set of binary strings that
ends with “01”).

The idea extends to the non-deterministic automata directly. Different DNAzyme-FSA described above
will work in parallel inside a test-tube. Therefore, the above described scheme will work for non-deterministic
automata as well. In case there are more than one transitionspossible for one input from one state, each
of them will be taken in one DNAzyme-FSA or the other inside the solution, and thus exhibiting non-
deterministic nature of the automata. Regarding the output, if the output state in any of the DNAzyme-FSA
in solution is an accepting state (or final state), it impliesthe acceptance of the input by the overall non-
deterministic finite state automata.

3.8 Probabilistic DNAzyme FSA

A probabilistic finite state automatais a finite state automata in which the state transitions are probabilistic
in nature. It can be described as a 5-tuple(Σ, S, s0, δ, F ), whereΣ is a finite set of input symbols, S is a
finite set of states,δ is a state transition function (δ : S × Σ × S → [0, 1]), s0 ⊂ S is a set of initial states,
andF ⊂ S is a set of final states. Figure 8 (b) shows a probabilistic automata.

In case the sequences of all the DNAzymes are identical, thenthe DNAzyme-FSA described above
becomes a probabilistic automata having equal probabilities of transitions from any state to any other state.
However, to construct an arbitrary probabilistic finite state automata, the probabilistic transitions can be
implemented by using partially complementary sequences inthe designs. The sequences of the DNAzymes
for transition are chosen in a way so that the ratios of probability of hybridization are in accordance with the
transition probabilities.

4 DNAzyme Doctor: A Molecular Computer for Logical Control of RNA
Expression using DNAzyme

The finite state automaton described in Section 3 can be used in various computational and routing ap-
plications. In this section we describe DNAzyme doctor, an application related to medical field. It is an
autonomous molecular computer for control of RNA expression based on the overexpression and underex-
pression of other RNAs.Earlier Shapiro[3] had constructeda molecular computer using protein enzymes for
logical control of RNA expression. Their molecular computer analyses the levels of messenger RNA species
and in response produces a molecule capable of affecting levels of gene expression. DNAzyme doctor per-
forms the same function, while completely eliminating the use of protein enzymes in the design. For the
ease of illustration let us consider a similar example as given in [3]. Suppose a disease is diagnosed positive
if RNAs R1 is underexpressed,R2 is underexpressed,R3 is overexpressed, andR4 is overexpressed. Thus,
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Figure 9: A state diagram for DNAzyme doctor that controls the releaseof a drug RNA on the basis of the RNA
expression tests for the a disease.

the detection of the disease can be done by computing logicalAND of the above mentioned four RNA ex-
pression tests. In case it is established that the disease exists, a curing drug should be released. While in
any other case, the drug should not be released. Figure 4 illustrates the aforementioned logic in the form of
a state diagram. The sequencesy1, y2, y3 andy4 are characteristic sequences of RNAsR1, R2, R3, andR4

R1 excess of y1

R3 R4
excess of y3 excess of y4

R2 excess of y2

y2y1 y3 y4

D1 D2 D3 D4

lack of y3 lack of y4

y1 y2 y3 y4

underexpressionoverexpression

Figure 10:The figure shows the consequences of overexpression and underexpression of different RNAs on the con-
centrations of the respective characteristic sequences. The overexpression ofR1 andR2 results in excess ofy1 andy2

respectively, and they block the path of input nanostructure by hybridizing withD1 andD2. Similarly underexpression
of R3 andR4 results in excess ofy3 andy4 respectively, to block the path of input nanostructure.

respectively. The concentrations of the characteristic sequencesy1, y2, y3, y4 as well as their complements
y1, y2, y3, y4 are regulated at a threshold in accordance with the levels ofRNA R1, R2, R3, andR4. If R1

is overexpressed theny1 is in excess, and ifR2 is overexpressed theny2 is in excess. However, ifR3 is
underexpressed, then lack ofy3 and if R4 is underexpressed, then lack ofy4. But a threshold concentration
of y1, y2, y3, y4 present in the the solution ensures that lack ofy3 causes excess ofy3, and lack ofy4 causes
excess ofy4.

Since the DNAzyme doctor only needs to perform a logical AND,it can be implemented in a simple
way. We make the input nanostructure walk over four DNAzyme stators implanted on a nanostructure in a
straight path (as shown in Figure 11 ). Each DNAzyme stator represents one of the RNA expression test.
In case the test is positive, the input nanostructure moves to next DNAzyme stator, otherwise it gets stuck
and ultimately floats away in the solution. Therefore, the successful traversal of input nanostructure over all
these DNAzyme stators implies that all tests are positive, and hence positive diagnosis of the disease.

In case the first test is negative (ie. overexpression ofR1), then excessively floatingy1 can bind toy1

part of the DNAzymeD1. Similarly if second, third, or fourth tests are negative (ie.. overexpression ofR2,
underexpression ofR3 or underexpression ofR4), then excessively floatingy2, y3, or y4 can bind toy2, y3,
y4 portions of DNAzymeD2, D3, or D4, respectively. The principle idea is illustrated in Figure10.

Figure 11 shows the details of the sequences used in the design. It should be noted thatai · xi is a
subsequence ofyi. The input nanostructure traverses over the DNAzymes step by step as shown in Figure 11.
The underlying mechanisms of these steps has been explainedin Section 3. As explained earlier, when the
input nanostructure moves to next DNAzyme, some portion of the sticky end is cleaved, and the next bulge
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Figure 11:The input structure walks over the DNAzyme structuresD1, D2, D3, andD4 as explained in Section 3. The
drug to be released in case of positive diagnosis of the disease is protected within the last bulge loop of input structure

loop opens up to restore the length of the sticky end. As can beseen in Figure 11, after the DNAzymeD3

cleaves the sticky end of input nanostructure, the input structure moves to DNAzymeD4, and the last bulge
loop in input nanostructure opens up. The last bulge loop in the input contains adrug-release trigger. After
the cleaving action by DNAzymeD4, the drug-release trigger part of input structure is loosely bound with
D4. The drug-release trigger is then released in the solution.The actual drug is kept protected in the solution,
as shown in Figure 10. The drug-release trigger displaces the lock strand from the nanostructure that hides
the drug as shown in Figure 10.

It should be noted that if any of the tests are negative then the traversal of input nanostructure over the
path of DNAzymes is blocked. Hence, if theith test fails, then the DNAzymeDi is already hybridized
with the DNA sequenceyis. It should be noted thatai · xi is a subsequence ofyi. The DNAzymeDi

already hybridized withyi would not participate in strand displacement with previousDNAzymeDi−1 to
hybridize with sticky end of input nanostructure. Therefore, the input nanostructure can not traverse across
this DNAzymeDi and gets blocked atDi−1.

After the cleaving of half of the sticky end of input nanostructure by DNAzymeDi−1, its binding with
Di−1 is not too strong either. So finally it detaches from the current DNAzyme and floats away in the
solution. Hence the input structure is not cleaved upto the last bulge loop that contains the drug-release
trigger, and therefore the drug-release trigger does not get released.

The ultimate goal in designing such a device will be to impartit the ability to perform inside a cell. It
will require the device to be protected from other enzymes inside the cell. This protection can be imparted



by embedding the device inside artificial lipozymes.

5 Application of DNAzyme for Routing

DNAzyme crawler can be routed on a two-dimensional DNA lattice in a naive manner as described in
Section 5.1. The limitations posed by this simple routing scheme are overcome by DNAzyme router: a
DNAzyme based system for programmable routing of the walkeron a 2D lattice described in Section 5.2.
DNAzyme router is an application based on the design of DNAzyme FSA described earlier in Section 3.

5.1 Routing DNAzyme Crawler in Two Dimensional Lattice
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Figure 12: (a) A shape with pattern constructed using DNA origami by Rothemund [25](b) Letter D on a fully
addressable 2D lattice constructed by Park et. al[22] (c) A predefined path on a fully addressable 2D DNA lattice for
a DNAzyme crawler

Rothemund [25] developed a method for using scaffolded origami to create arbitrary nanoscale shapes
(Figure 12 a)) which may be decorated with arbitrary nanoscale patterns. Also, fully addressable two-
dimensional DNA tile lattices (Figure 12 b)) have been demonstrated [22]. Specific DNA strands can be
mounted at desired locations on these addressable nanostructures. Therefore, DNA stators can be embedded
along any arbitrary path in a fully addressable 2D DNA lattice, as shown in Figure 12 c). DNAzyme crawler
[34] can be made to travel along this predefined path of DNA stators, hence producing a motion in two-
dimensions. However, in this scheme the path on which the DNAzyme crawler travels can be used only
once.

The obvious advantage of this scheme is its simplicity. But the disadvantages are that the DNAzyme
crawler can only travel on a predefined path and the path gets destroyed as the DNAzyme crawler moves
along it. We present a more flexible and non-destructive scheme for two-dimensional routing, referred to as
DNAzyme router in Section 5.2.

5.2 DNAzyme Router: DNAzyme based Programmable Routing in Two Dimensions

For any arbitrary path along the network of DNAzymes in a given DNAzyme FSA, an input nanostructure
can be designed to traverse along that path. This principle can be used for the design of a programmable
routing system. The input nanostructure that moves over theDNAzyme FSA is referred to aswalkerand the
complete system as DNAzyme router. The path of the walker is programmed through the state transitions of
the automata and the input symbols encoded in the walker. As an example, we can create a state machine on
a rectangular grid (Figure 13), in which you move right if theinput is 0, and towards bottom if the input is 1.
Then by the state machine shown in Figure 13(a) and input shown in Figure 13(b) the walker can be made to
travel along the path shown in Figure 13(b).

It should be noted that in a DNAzyme router the path does not get destroyed as a result of the motion
of the walker. It is the input nanostructure (walker) that gets cleaved in the process, which is equivalent to
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Figure 13:Illustration of programmable routing in two dimensions

exhaustion of fuel as a result of motion. Most remarkable feature of DNAzyme router is that we can have
multiple walkers moving on the grid independently, each having its own programmed path.

6 Conclusion

We have described the construction of various devices basedon the DNAzymes. In this article, we have
focused more towards novel designs for the devices that can perform finite state transitions rather than
the details of the laboratory implementation. However, it should be noted that among other implementa-
tional challenges, construction of the desired bulge loopsfor input nanostructure needs further investigation.
DNAzymes evolve through invitro selection procedures, andthese procedures can be designed to generate
DNAzymes that cut distinct sequences. In the DNAzyme FSA, the number of DNAzymes required is pro-
portional to the number of transitions in the automata. For binary-coded inputs the number of transitions is
proportional to number of states. However, the implementation of finite state machines that do not have a
planar layout might be challenging. Thus, it is a question for further research if this scheme can be extended
easily to the design of finite state automata, whose layout isnon-planar. The molecular computer for logical
control of RNA expression can be useful in medical field if it can be used inside a cell, and the programmable
walkers can be a really useful tool in nanopartical transportation systems at nanoscale. In conclusion, the
designs provided in this paper might provide useful insightfor research into many interesting problems in
nanotechnology.
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