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DNA-Based Dynamic Reaction Networks

Ting Fu,"* Yifan Lyu,"#®* Hui Liu,"? Ruizi Peng,'? Xiaobing Zhang,"? Mao Ye,"*** and

Weihong Tan'#°*

Deriving from logical and mechanical interactions between DNA strands and
complexes, DNA-based artificial reaction networks (RNs) are attractive for their
high programmability, as well as cascading and fan-out ability, which are similar
to the basic principles of electronic logic gates. Arising from the dream of
creating novel computing mechanisms, researchers have placed high hopes on
the development of DNA-based dynamic RNs and have strived to establish the
basic theories and operative strategies of these networks. This review starts by
looking back on the evolution of DNA dynamic RNs; in particular’ the most
significant applications in biochemistry occurring in recent years. Finally, we
discuss the perspectives of DNA dynamic RNs and give a possible direction for
the development of DNA circuits.

Nucleic Acids and Molecular Computation

The great advances of silicon-based semiconductors in the past century have been key to the
development of high-performance processors [1]. Moore’s law, which states that the number
of transistors in a dense integrated circuit doubles approximately every 2 years, has guaranteed
a continuous evolution of both the efficiency and energy-cost of silicon-based processors. Both
of these consequences play core roles in building sophisticated computers in various realms.

Artificial logic networks propose the use of molecules to realize basic computations, with the
ultimate goal of constructing submicroscopic computers [1]. DNAs, as naturally occurring
programmable molecules, were first adopted to build such algorithms in 1994, when Adleman
used a DNA strand as a parallel computing tool to solve a simplified Hamiltonian path
problem (see Glossary), with the help of some biotechnologies like ligation and the polymerase
chain reaction [2]. A number of subsequent efforts [3-5] seemed to indicate a bright future for
DNA-based molecular computation, because the parallel computation ability of DNA mol-
ecules is more efficient than single-thread computation on a chip. However, subsequent
progress in constructing molecular computing devices has been frustratingly slow [6]. It seems
that the computing power of DNA-based circuits cannot rival that of silicon computers in the
execution of any algorithms. But when microviewed environments, especially biological envi-
ronments, are considered, there are many tasks beyond the abilities of traditional silicon-based
processors [7]. For instance, it is inconceivable to use silicon chips and sensors to build
nanodevices that can directly interact with biomolecules or even cells in biological environ-
ments. Compared with nanomaterials, silicon chips are large and do not function normally in
electrolyte solutions like those found in cell microenvironments and cell cytoplasm [6]. An
effective alternative is use of DNA-based dynamic RNs, or DNA logic circuits that are composed
of a series of cascading hybridization or strand-displacement reactions, benefiting from the
rigid principles of Watson-Crick base pairing (A-T and C-G) [8]. The advantages of DNA
molecules as the basic building blocks for network construction are overwhelming when
compared with existing artificial materials, due to the following reasons. (i) DNA is a naturally
biocompatible and water-soluble molecule. Since nearly all biological functions occur in
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aqueous electrolyte solution, soluble DNA molecules can be easily accommodated [9]. (i) Due
to the directionality and programmability of nucleic acid molecules, there is an exponentially
large number of different possible combinations of nucleotides, leading to high information
density [2]. With rational design, DNA strands can be prepared with specific sequences to meet
the demands of circuit design. (iii) A large number of functional DNAs have been reported, such
as aptamers and DNAzymes, which can be used for effective target recognition and signal
conversion [10,11]. In this way, biomolecules can be directly involved in DNA-based logic
operations.

All these properties make DNA an excellent candidate for construction of functional dynamic
circuits. Such DNA-based RNs are materially different from traditional solid silicon chips and
exist and work in buffered solutions like the cellular environment. In this review, we first describe
the progress of DNA dynamic RN development and some classic strategies realized by strand
displacements in vitro. Then, we focus on and summarize the most recent advances in
biochemical applications of DNA-based logic circuits. Finally, we propose a possible direction
of DNA-based artificial RNs in the future.

Evolution of DNA Dynamic RNs

With increasing thorough understanding of DNA chemistry, including formation of phospho-
diester bonds between adjacent nucleotides, as well as Watson-Crick base pairing and the
double-helical structure, researchers found that the hybridization and strand displacement of
DNA can be a controllable process for implementation as logic elements [12,13]. This process,
also known as dynamic DNA nanotechnology, usually focuses on nonequilibrium dynamics
rather than the equilibrium end states of the DNA hybridization process. As noted above, one of
the first attempts to use DNA hybridization to implement an algorithm was reported in 1994 by
Adleman et al. [2]. Their work indicated the unique advantages of DNA circuits for parallel
computing. In 1997, Ouyang et al. used DNA computation to solve the maximal clique problem,
which further proved the high parallelism of DNA computing [4]. However, limitations caused by
hybridization efficiency issues and the relationship between library size and computational
ability created a bottleneck that inhibited promotion of DNA computing ability. Displacement of
one strand from a double-helical nucleic acid by concomitant replacement with an equivalent
nucleotide sequence is a familiar and integral aspect of DNA or RNA replication and genetic
recombination in vivo [14]. The phenomenon of branch migration, which can be regarded as a
result of base-pair breathing [15], was first recognized in vitro by Lee et al. in 1970 when
studying the renatured molecules of terminally repetitious, circularly permuted bacteriophage
DNA [16]. A simple strand-displacement is shown in Figure 1A.

It has been demonstrated that the free energy released by the formation of 10 new base pairs
is comparable with that released by the hydrolysis of ATP in standard conditions (AG°atp & —
7.7 kcal/mol) and in cellular conditions (AGatp = —14 kcal/moal). By contrast, the free energy
released by the formation of a new base is AG°hyprigization = —1.4 Kcal/mol/base pair
[13,17,18]. Thus, unpaired DNA can be used as a resource of free energy. Yurke et al. used
single-stranded DNA as the fuel strand of a molecular machine [12]. Their DNA molecular
machine, named molecular tweezers, can be controlled by an added fuel DNA strand
and operates between the closed and open states of the tweezers. This work was the first
systematic use of a toehold [19,20] domain to design a DNA machine, and proved that a
DNA machine is sufficiently reliable to undergo a series of operations. Subsequent reports by
Yan et al. showed that the force generated by formation of new base pairs is so strong that it
can even change the orientation of DNA origami [21]. Seelig et al. reported the first logic
gates totally constructed of DNA strands [22]. They demonstrated AND, OR, and NOT
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Glossary

Aptamer: a single-stranded
oligonucleotide (DNA or RNA) that
can specifically bind with its target,
which can be an ion, small molecule,
protein, or even a biomarker on
whole cells with Ky in the pM to uM
range. Aptamers are screened using
a method called SELEX (Systematic
Evolution of Ligands by Exponential
Enrichment). A library pool is
incubated with the target. After
removing the unbound strands,
bound strands are purified and
enriched by PCR to generate a new
pool, which is incubated with target
again. After several rounds of
screening, when the current pool has
sufficient affinity and specificity
toward target, the candidate strands
are sequenced and synthesized as
aptamers.

Base-pair breathing: nucleic acid
hybridization is stabilized by a series
of weak interactions (stacking and
hydrogen bonding) between
individual base pairs. For double-
stranded DNA in buffer solution,
each base pair is always undergoing
an equilibrium between bound and
unbound states so that some bases
are temporarily unbound, especially
the base pairs at the ends of helices.
This breathing-like process in DNA
helices is called base-pair breathing.
DNAzyme: also known as a
deoxyribozyme, or catalytic DNA, is a
short oligonucleotide with high
catalytic activity toward specific
substrates with the help of certain
cofactors like metal ions and small
molecules. DNAzymes are usually
isolated using an in vitro selection
process from an initial library pool.
Domain: subsequence tract section.
Several continuous nucleotides in a
strand that act as a unit in
hybridization, branch migration,
dissociation, structure, or (deoxy)
ribozyme function.

Hamiltonian path problem:
problem in the mathematical field of
graph theory about whether a
Hamiltonian path (a path in an
undirected or directed graph that
visits each vertex exactly once) or a
Hamiltonian cycle exists in a given
graph (whether directed or
undirected).

Leakage: refers to the part of
reactions in a DNA dynamic RN that
happen without initiation, usually



gates, signal restoration, amplification, feedback, and cascading using rational design of DNA
molecules (Box 1).

Although effective, the traditional toehold-mediated strand displacement reaction suffers from
some obvious weaknesses. For example, it is difficult to construct multilayered DNA circuits,
because the competitor strand must be longer than the released strand [23]. In order to
eliminate this problem, Winfree et al. reported a strategy called toehold-exchange displacement
reaction [24]. The incoming strand hybridizes with the bottom strand and displaces the top
strand (Figure 1B). Different from the traditional strand displacement reaction, the resulting
double-stranded DNA still has an active toehold that can be used to initiate the reverse
displacement reaction. As such, toehold-exchange has two obvious advantages. First, the
generated toehold after strand displacement allows the construction of downstream layers.
Second, toehold exchange weakens the coupling between the kinetics of strand displacement
and the thermodynamics of the reaction, so that a strand displacement reaction based on
toehold exchange can be rapid despite being only weakly thermodynamically favorable or even
thermodynamically unfavorable [23]. Based on this strategy, Winfree’s group designed a
catalytic reaction driven forward exclusively by the entropy gain of the entire system [24].
Since then, the toehold-exchange displacement reaction has proved to be an effective strategy
for artificial RN construction because of the tunable kinetics of the DNA reaction. By rational
design of some auxiliary DNA complexes, Soloveichika et al. demonstrated that the DNA RN
can be used to compile formal chemical RNs. This means that DNA RN can somewhat be
regarded as a useful language, sufficient for implementation of arbitrarily complex chemical
reaction kinetics; just as a few basic electronic elements, such as transistors and wires, are
sufficient for the construction of arbitrarily complex logic circuits [25]. Such potential was further
adopted by Qian et al., who proposed several powerful DNA circuits with awesome computing
abilities, like square root calculation [26], as well as neural network mimicry [27] (Figure 1E,F).
The neural network mimicry system consists of 110 DNA strands and demonstrates associative
memory capable of answering 81 possible questions. Chen et al. further applied these
strategies to mathematically express chemical RNs as DNA circuits [28].

DNAzymes and RNAzymes, which can cleave or ligate the substrate strands in the presence of
cofactors, have also been used to design logic circuits [29]. By using an input strand to initiate the
activity of a blocked DNAzyme, Stojanovic et al. first reported a set of DNAzyme-based logic gates
capable of generating any Boolean function, including the AND, OR, and NOT gates, and the first
serial molecular logic gate circuits depending on gate-to-gate communication [30,31]. Kolpash-
chikov et al. then demonstrated that the output signal of DNAzyme-based logic gates can be
connectedtoadownstream event, such asrelease of a smallmolecule or control of enzyme activity,
otherthan cleavage orformation of oligonucleotides [32]. Pei et al. even designed DNAzyme-based
automation to play a game with ahuman by covering all possible responses, so that the automation
won the game nearly each time [33]. Elbaz et al. used DNAzyme-based circuits and demonstrated
multilayered gate cascades, fan-out gates and parallel logic gate operations [34].

Initially, the reaction direction of DNA circuits was exclusively determined by the specificity of
DNA hybridization. However, recently, Chatterjee et al. discovered that the spatial organization
of DNA strands can also act as a control of circuit direction [35]. A DNA origami chip is used as
the substrate on which DNA hairpins are immobilized. Only if the distance between two
immobilized hairpins is short enough can a strand migration occur. Otherwise, the reaction
is inhibited because the distance is longer than the intended DNA bridge. They named this
strategy the DNA domino architecture, meaning that spatial organization is used to realize rapid
arbitrary logic at the molecular scale.
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caused by reversible DNA
hybridization equilibrium, defects of
synthesized DNA strands, or
imperfect DNA hybridization.
Parallel computation: (including
temporal parallel and spatial parallel
computation) different calculations or
executions are performed
simultaneously in time or in space.
For DNA computation, since the
initial pool can maintain a large
number of different strands,
hybridizations can happen
simultaneously. In such a way, the
computation ability can be promoted
with a larger initial pool.

RNA:i: biological process of inhibition
of gene expression or mMRNA
translation by two types of small
RNA molecules —miRNA and siRNA.
Toehold: particular type of domain
that serves to colocalize nucleic acid
strands and complexes. Toeholds
are typically short (4-10 nucleotides).
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Figure 1. Basic Designs of DNA Dynamic Reaction Networks. (A) Scheme of toehold-mediated strand displacement reaction. Double-stranded complex (blue
and orange) has an overhang domain (3*), known as a toehold. The competitor strand (green) also has a domain 3 which is complementary to 3*. The hybridization of
complementary toehold domains acts as the initiation of the following strand migration process, in domain 2/2*. As a result, the competitor strand completely hybridizes
with the orange strand while blue strand is released. This process is driven forward by the decrease in free energy on formation of new base pairs. (B) Scheme of toehold
exchange strand displacement reaction. The competitor strand (green) hybridizes with the double-stranded complex (blue and orange) via domain 3/3* and a strand
migration occurs in domain 2/2*. After the blue strand is released, a new toehold is formed as domain 1, so that the entire process is reversible. (C) Scheme of HCR
reaction. In the presence of a single-stranded catalyst, two hairpin structures, H1 and H2, can be opened one by one, forming a long and periodic double stranded DNA
chain. (D) Use of HCR as a multiplex ampilification strategy for mMRNA mapping. (E) See-saw DNA node. (F) Abstract diagram of the seesaw circuit that is equivalent to the
square-root digital logic function.
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Box 1. Toehold Protection

The thermodynamics and kinetics of DNA strand displacement reactions were studied in detail by Zhang et al. [23].
According to their results, the length of the toehold domain is related to the rate constant of displacement reaction over six
orders of magnitude, from 1 M~"s™"to 6 x 10° M~" s™". These resuits indicated that the occurrence of strand displace-
ment depends on the existence of atoehold domain, while the rate of strand displacement is determined by the length of the
toehold domain. Giventhe key role of the toehold domainin DNA strand displacement reactions, when constructing series or
parallel computing circuits, it is essential to protect the toehold domain before initiation or between layers.

Turberfield et al. designed a DNA-catalyzed nanomachine using a toehold-mediated strand displacement reaction to
catalytically open many DNA loop-stem structures [63]. The loop domain also served as a toehold but was locked by a
stable stem domain so that no reaction could happen before initiation. Inspired by this strategy, Dirks et al. reported the
famous hybridization chain reaction (HCR) using two kinds of DNA hairpin structures [64] (Figure 1C). Such a catalysis is
so effective that it has been widely adopted in numerous reports [65-67]. Choi et al. designed a series of HCR probes
and mapped five target mRNAs simultaneously in fixed whole-mount and sectioned zebrafish embryos [68] (Figure 1D).
A strategy similar to HCR is catalytic hairpin amplification reported by Yin et al. [69-71]. Another type of toehold
protection widely used in the past decade is formation of double-stranded DNA by hybridizing the toehold with its
complementary strand [8,72].

In addition, with the help of chemically modified artificial bases, physical signals like photons can be used to release an
active toehold domain. Prokup et al. used 6-nitropiperonyloxymethylene as a photoresponsive caging group to protect
the thymidine nucleotides in the toehold. In the presence of 365 nm light as input signal, the caging group is deprotected
and the toehold domain is activated, initiating the process of strand displacement reaction [73]. Similarly, Huang et al.
used photochemical excitation to release the toehold domain protected in the loop domain to initiate a branch-migration
reaction [74].

Applications of DNA-Based RNs

A DNA network can act as a controllable platform for the construction and simulation of chemical
reactions with different orders, based on the well-established kinetics model of DNA hybridization
and strand displacement. Franco et al. coupled an artificial biochemical oscillator with a variety of
load processes, such as the operation of a DNA-based nanomechanical device (‘DNA tweezers’)
or the production of a functional RNA molecule (an aptamer for malachite green) [36]. Such an
oscillator system under load is like anin vitro molecular clock, whose frequency and amplitude are
affected by the loaded reaction. The oscillator may therefore serve as a model system for the study
of modularity, coupling of subcircuits, and ensuring robustness in biochemical networks [37].

The theories of DNA dynamic networks offer effective strategies for nucleic acid detection. An
impressive design of DNA RN in bioanalysis is called the M probe, which is based on the
previously reported X probe [38]. The M probe is composed of n segments consisting of two
oligonucleotides hybridized to each other via a horizontal region as the recognition domain and
a reporter section at the end of the probe (Figure 2A) [39]. With this multistranded equivalent of
the toehold probe, hypervariable, long, or repetitive sequences can be selectively bound and
enriched with toleration of sequence variations up to 7 nucleotides at prescribed positions,
while maintaining single nucleotide sensitivity at other positions (Figure 2B,C).

In the field of mechanical engineering, by programming a concise algorithm, Thubagere et al.
built DNA circuits on a chip to sort cargos at the molecular level [40]. They designed a cargo
strand and a robot strand and anchored some track strands onto a DNA origami. After several
steps of strand displacement-based random walk (~300 steps), the robot strand can capture
the cargo strand and drop it upon reaching the destination site (Figure 2D,E). The cargo sorting
process is so reliable that the robot can distinguish different cargos without any energy supply.

Applications of Tool Molecule-Integrated DNA RNs
The design of DNA dynamic RNs can be so powerful that more and more problems and
algorithms in math or graph theory can be solved and programmed. However, as molecular
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Figure 2. In Vitro Applications of DNA Dynamic Networks. (A) A conditionally fluorescent M-Probe bearing internal segments. The lower oligonucleotides have a
sequence complementary to sub-sequences of the target, and the upper oligonucleotides have a sequence identical to sub-sequences of the target. (B) Hybridization of
the M-Probe to the target results in displacement of the upper oligos as a multistranded complex. Fluorescence increases through this process due to delocalization of
the fluorophore and quencher. The hybridization reaction is designed to be both reversible and sequence-specific. (C) The M-Probes are selective for even single
nucleotide variants across a 560 nucleotide target sequence. (D, E) The cargo-sorting algorithm. (D) Left: schematic diagram of sorting arbitrarily distributed molecules

(Figure legend continued on the bottom of the next page.)

552  Trends in Biochemical Sciences, July 2018, Vol. 43, No. 7



Cell

REVIEWS

interaction-based artificial networks, DNA circuits have obvious drawbacks, like system leak-
age caused by interactions or impurities in the DNA strands, which have limited the reliability
and further application of DNA logic circuits in pure computations, as usually performed with
silicon chips. Although leakage can be eliminated by introducing a mismatch site when
designing the strands [41], this ingenious strategy does not solve the root problem. Otherwise,
the introduction of a mismatch site may lead to an unwanted side reaction when the circuit is
scaled up. Also, in spite of the abundant theory and strategy of DNA RNs, the input signal or
molecules are always DNA strands [42]. However, DNA, as a type of naturally occurring
programmable molecules, can be easily used to interact with naturally existing targets. It is
assumed that, if biomolecules can be used as the input signal of a DNA RN, some biofunctions
will be logically controlled or adopted by the network. Fortunately, this assumption benefits
from the explosive growth in the number of functional nucleic acids, such as aptamers and
DNAzymes, which further make nucleic acids effective as both recognition and computational
elements in logic circuits. Thus, a wide range of biomolecules can be easily involved in
predetermined logic computations defined by DNA-based logic circuits.

The first example of using aptamers in DNA circuits was reported by Kolpashchikov et al. [32].
They used complementary strands to change the recognition ability of aptamers, so that the
target of the aptamer (e.g., malachite green or Tag DNA polymerase) could be released or
captured according to a Boolean calculation result. However, in Kolpashchikov’'s work, the
binding of targets by aptamers is somewhat more like a signal output strategy instead of a
signal input. In order to demonstrate the potential of using biomolecules as input, Han et al.
developed a modular composition of DNA logic circuits with accurate threshold control,
enabling autonomous, self-sustained, and programmable manipulation of enzyme activity in
vitro (Figure 3A) [43]. When the enzyme (e.g., thrombin) concentration is higher than the given
threshold, the circuit generates an inhibitor to suppress the activity, keeping the activity of
thrombin under a certain level. In this DNA circuit, two antithrombin aptamers are used to
smartly control the function of thrombin: a 29mer (TA-29) that binds to the heparin exosite
without inhibitory function and a 15mer (TA-15) that binds to the fibrinogen exosite with strong
inhibitory function. The input signal is the concentration of enzyme, and the output signal is the
enzyme activity. Such accurate control of enzyme activity clarified the strong potential of DNA
circuits in biomedicine, especially personalized medicine. In the field of bionic engineering, a
DNA dynamic RN can be designed to mimic the basic functions of certain organismic pathways
(e.g., the mammalian adaptive immune responsive system; AIRS) in a concise manner [44]
(Figure 3B), including three steps: (i) recognition and tolerance, (iij immune response, and (iii)
killing and memory. This is an inspiring application of DNA circuits in bionics, indicating that an
artificial RN can, to a certain degree, achieve some basic functions of a natural pathway.

Building DNA Networks on Cell Membranes

The cellular environment is an electrolyte-rich buffered solution containing various ions and
biomolecules necessary for the sophisticated pathways in living cells. It is both exciting and
meaningful to build DNA networks on the cell membrane or inside a cell so that cell states or
metabolism can be controlled logically by exogenous stimuli. Inspired by the signal amplification
strategy of nucleic acid probes, Han et al. used an aptamer as an anchor to target cancer cells
and a prolonged initiator domain to trigger a circuit-based enzyme-free amplification on the cell
membrane to generate numerous photosensitizer-labeled strands in the cellular environment

into distinct piles at specified destinations. Right: flowchart of a simple cargo-sorting algorithm. In the molecular implementation, choices for picking up and dropping off
cargos are not always taken as designed - the robot may instead return to random walking with a small probability. (E) Mechanism of the three building blocks for the
random walk, cargo pickup, and cargo drop-off.
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[45]. The enriched local photosensitizer concentration showed obvious cytotoxicity toward
target cells compared with nontarget cells.

Locating a DNA logic network on the cell surface is important because some cells express
membrane proteins with only a limited difference in abundance. To uniquely target cells that
have no distinctive markers on their surfaces, a set of multiple markers is needed for each
subpopulation in a Boolean manner. DNA logic networks offer a solution to distinguish different
cancer cells by analyzing multiple markers on cell surfaces. The first example of using DNA
circuits to analyze and selectively label target cells was reported by Rudchenko [46]. Only CD45
and CD20 were simultaneously expressed on the membrane, and the cell was labeled by a
fluorophore as a result of DNA computation. This is an always-on binding strategy, because all
probe modified-antibodies must be preincubated with cells. In order to develop a smarter and
more independent theranostic nanoplatform, You et al. further constructed a DNA ‘nanoclaw’
for logic-based autonomous cancer targeting and therapy (Figure 4A,B) [47]. They used an
aptamer as the recognition unit and designed the input-binding/logic-analysis/output-genera-
tion process for single-step operation. This strategy can be extended to a larger general
platform to facilitate high-order and programmable multiple cell-surface marker identification,
including 12 three-input conditions and two four-input conditions [48].

Apart from membrane proteins, lipid molecules can also be used as anchors for DNA logic
circuits. You et al. reported a circuit-based DNA probe to monitor dynamic and transient
molecular encounters on live cell membranes (Figure 4C) [49]. Because the encounters of
membrane molecules are so fast and the signals are so weak, the detection of membrane
events has been a significant challenge. The design overcame this challenge by using a DNA
circuit to accumulate each molecular encounter and make the enhanced signal strong enough
to be detected by a standard confocal microscope or flow cytometer. By adopting kinetics and
2D fusion-based data analysis, the encounter rates of three kinds of membrane lipid molecules
were calculated and the encounter preference derived (Figure 4D).

Building DNA Networks Inside of Cells

DNA dynamic networks inside cells offer the possibility to logically detect various targets in a
Boolean manner instead of determining one target simply in a quantitative or qualitative
manner. For intracellular applications, Pei et al. used DNA tetrahedra as a platform to
construct DNA logic gates inside cells [50,51]. Hemphill et al. [52] published an early report
of intracellular logic circuit construction. They successfully used two kinds of miRNA, miR-21
[63] and miR-122 [54], which are usually overexpressed in some cancer cells, as input to
construct an AND gate in a living cell. If the cell expresses both mRNAs, the circuit gives a
fluorescence signal as the TRUE output. Wu et al. realized a circuit-based amplified detection
of mRNA in living cells, and further expanded the application fields of enzyme-free strategies
[55]. Differences in molecular levels between normal and diseased cells are always adopted

Figure 3. Applications of DNA Logical Networks in Enzyme Activity Control and Biomimicry. (A) DNA logic circuits with accurate threshold control, enabling
autonomous, self-sustained, and programmable manipulation of protein activity in vitro. Such a circuit consists of three modules, including: (i) an input convertor that
converts the protein input to DNA input for downstream cascade reactions; (i) a threshold controller that sets the threshold concentration for the system to maintain
regular protein activity; and (iii) an inhibitor generator that inhibits excessively high protein activity once it surpasses the threshold. (B) Three steps in AIRS. (Step 1) When
there is a pathogenic challenge with a small amount of pathogen DNA, the DNA s first recognized by AM in AIRS and TM s released. (Step 2) When the concentration of
pathogen DNA increases sufficiently, the threshold defined by Step 1 is overwhelmed. With help of released TM, pathogen DNA is transferred to BM. Activated BM
generates a single-stranded antibody initiator that triggers the subsequent rolling circle reaction to generate a long and repeated antibody-mimicry strand. (Step 3)
Pathogen DNA is captured by the generated antibody-mimicry strands via hybridization, then hydrolyzed by endonuclease Sspl and finally cut into inert pieces. The
memory part of the AIRS is realized by released TM. When pathogen DNA invades the next time, the first step is skipped because existing TM can directly trigger the
second and third steps of AIRS and finally remove the pathogen DNA more efficiently. Abbreviations: AIRS, adaptive immune responsive system; AM, antigen-
presenting cell mimicry; BM, B cell mimicry; TM, T cell mimicry.

Trends in Biochemical Sciences, July 2018, Vol. 43, No. 7 555




N
S it ' /
(A) : : (C) Block 2 d € Anchorage-1

| Effector toe ¢ 1 (B) 3f[3
1 § 1
1 4 1
1 1
! *Scaffold :
1 ! )

7 \
\Capture \ CaptureI |
! toe 1/ toe2 | \
1 1

T spacer :
T spacer

Cell membrane

Effector toe

1
1
1
1
1
H
1
1
1
1
1

/,\
o ‘\C‘

% 3E[3
: ECZ’Q V 0 ("": %‘e :
S 4
(®) T*‘,,GTco1 | __ _Capturetoe3 | (D)
T %
< -
= Sgcaf + cF g - = TCO1 +cF,,
Sgeaf + cF TCO1 + T,
S — /\/\/\/\/\/\/\/\/8
= CEM cell only = CEM cell only N9
& Diacyllipid ©
k‘ H
%}'{N
Cholesterol
10° 10° 10° 10° 10° 10’
Fitc Fitc Tocopherol

(s1)

Quencher

Initiator (1)

¢W/

Cell

REVIEWS

3
Walker E-T
(w) 4|

Anchorage-2
(s2)

RERLLLLL

Cell membrane
stand displacement

Y F LN Y\

Aofod }\11' LND N

Oligonucleotide

,} '\)m .

é‘o
Ollgonucleotlde

YA v
\J

Oligonucleotide

Trends in Biochemical Sciences

Figure 4. Cellular Applications of DNA Logic Networks. (A) DNA circuit-based ‘nanoclaw’ for logic-based autonomous cancer targeting and therapy. For cells
overexpressing three kinds of target proteins, the three corresponding aptamers (Sgc8c for tyrosine-protein kinase-like 7; targets of TCO1 and Sgc4f are unknown,
according to the principle of cell Systematic Evolution of Ligands by Exponential Enrichment) act as a three-input AND gate to give a TRUE result, identifying the cell as
the target, which is labeled with a fluorophore or treated by photodynamic therapy. (B) Only when multiple biomarkers exist on the cellmembrane is the cell labeled with a
fluorophore. (C) DNA probe for monitoring dynamic and transient molecular encounters on live cell membranes. (D) Three kinds of anchor molecules on cell membranes.

Abbreviations: CEM, human T lymphoblastic leukemic cell line; FITC, fluorescein isothiocyanate.

as the activation clue of smart drug delivery strategies. However, since the correlation
between biomarker and disease is not always a one-to-one relationship, logical initiation
of a DNA network by more than one biomarker is suitable for construction of multi-target-
triggered smart nanotheranostics. Douglas et al. developed a DNA drug-loaded origami-
based nanobox that is locked by two kinds of aptamers [56]. Only in the presence of both
targets (e.g., tyrosine-protein kinase-like 7 for sgc8c and platelet-derived growth factor for
411t) can the box be opened and the encapsulated drugs exposed to take action. This device
can be loaded with a variety of materials in a highly organized fashion and is controlled by an
aptamer-encoded logic gate, enabling response to a wide array of cues.

siRNA s a convenient signal output due to its biological functions, which can be easily determined by
tracking the translated proteins or monitoring cell metabolism [57]. Bindewald et al. designed an
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RNA switch that can be triggered by a mRNA and converted into an RNA-induced silencing
complex for RNAI of another mRNA [58]. Groves et al. systematically tested the effects of chemical
modifications and transfection methods on the performance of four-way strand exchange reactions
inside living cells and further established that functional siRNA could be activated via strand
exchange [59]. siBRNA can also be used for gene-edition based logic circuits. Rinaudo et al.
designed the first example of a universal RNAi-based logic evaluator that operates in mammalian
cells [60]. They used siRNA to silence the 3’ untranslated regions of mRNA, so that the encoded
protein (e.g., ZsYellow) would not be translated. Based on this strategy, Xie et al. further constructed
alogic circuit for identification of specific cancer cells [61]. They first identified a list of MRNA markers
foracertainkind of cancer cells. If all the markers are confirmed in the circuit, then the cellis identified
as the target cancer cell and apoptosis is triggered without affecting nontarget cell types.

Concluding Remarks and Future Perspectives

After decades of development, DNA dynamic reactions have grown from fundamental Boolean
gates to entire functional logic networks. Studies of the thermodynamics and kinetics of DNA
hybridization and strand displacement have made DNA hybridization a programmable tool to
construct algorithms at the molecular level with predictable results. Although some researchers
have tried to encapsulate artificial chemical circuits into a solid chip, DNA circuits seem to be
more suitable for operation in agueous solution [1]. However, because they function in an
aqueous environment, DNA circuits suffer limitations related to chemical equilibria and reaction
rates. For example, slow reaction kinetics lead to slow computing rates; unintended hybrid-
ization and impurities in DNA strands cause systematic errors; and lack of robustness to
interactions between DNA and DNA and between other molecules and DNA make DNA
uncompetitive in purely computational tasks in contrast to mature solid chips. Compared with
silicon-based chips which perform all the computations on a solid platform, one of the unique
features of DNA logic circuits is the biological molecular properties, which allow DNA circuits to
function seamlessly with biological inputs and outputs, like other nucleic acids, proteins, small
molecules, and even cellular states. As such, DNA circuits can be regarded as ‘aqueous chips’
that have great potential for insertion into naturally occurring systems to perform customized
tasks. Although the natural function of DNA is as carriers of genetic information, not as building
blocks, DNA seems to be unparalleled at least for biological applications of artificial RNs.
Applications of DNA dynamic RNs are summarized in Figure 5, Key Figure.

For the future perspective part of this review, foreseeable advances may lie in the emergence of
more sophisticated computational circuits in vitro and more powerful biofunctional circuits for
intracellular applications (see Outstanding Questions) [7]. More effective strategies with
reduced leakage can be expected by using modified domains with slower base breathing
on the terminus, just like researchers are trying to do right now. Besides, some rationally
programmed algorithms can also be used to eliminate mistakes caused by defects of DNA
hybridization and strand displacements, which may improve the computational reliability of
DNA RNs [62]. Considering the biological application potentials of DNA RNs, the stability of
oligonucleotides should be studied in a comprehensive way to further clarify the mechanism of
DNA RNs in cellular environments. Alternative to normal nucleic acids, enzyme resistant
analogs of natural nucleic acids with modifications on pentose (e.g., 2-methoxy-modified
nucleic acids) and backbones (e.g., phosphorothioate oligonucleotide and peptide nucleic
acids), or the mirror-image enantiomer (e.g. I-nucleic acids) that cannot be recognized by
naturally existing proteins, have obvious advantages in the construction of biostable DNA RNs.
However, studies about thermodynamics and kinetics of these non-natural DNA-based hybrid-
izations and strand displacements are still limited. Another limitation of applying DNA RNs in
living systems is the diluted concentration of DNA species after being delivered into a complex
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Outstanding Questions

One of the most primary problems that
limit the efficiency of DNA circuits is
leakage caused by the high rate of
base breathing. Is there a way to elimi-
nate the leakage problem without
affecting the performance of DNA
circuits?

How is the stability of circuits made by
natural oligonucleotides when used
inside of cells or in cellular
microenvironments?

For intracellular applications of DNA
circuits, the enzyme resistant analogs
of natural nucleic acids like phosphor-
othioate oligonucleotide, 2-methoxy-
modified nucleic acids, peptide nucleic
acids or I-nucleic acids are preferred.
However, the kinetics or thermody-
namic properties of these analogs
are unclear compared with natural oli-
gonucleotides. Can the principles of
building DNA circuits by natural nucleic
acids be used for those of modified
nucleic acids?

Is there an efficient way to read the
output signal produced by living cells?

How can the concentrations of differ-
ent DNA species be controlled and
monitored when delivering into cells?

Is there a possibility that a totally DNA
reaction network-based biocomputing
core with special functions can be built
inside a cell to regulate a certain
pathway?

How can DNA RNs be made more
deliverable and resistant to dilution,
so that the entire computation can
run in complex humoral environments?
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Figure 5. Initiated from the DNA computing algorithm realized by DNA parallel hybridization, DNA dynamic reactions have evolved from basic logic gates to entire
functional networks, with applications ranging from mechanical operations to biological regulation. Abbreviations: AIRS, adaptive immune responsive system.

humoral environment. A possible solution toward this problem is to encapsulate DNA RN into
an artificial vesicle to allow all the molecular computations to be performed in an isolated
environment. All in all, the merits of DNA RNs are still obvious, and implementations that focus
on the molecular or biological properties of DNA should be the direction of DNA circuit growth.
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