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CONS P EC TU S

C reating artificial biological systems is an important research endeavor. Each
success contributes to synthetic biology and adds to our understanding of the

functioning of the biomachinery of life. In the construction of large, complex
systems, a modular approach simplifies the design process: a multilayered system
can be prepared by integrating simple modules. With the concept of modularity, a
variety of synthetic biological systems have been constructed, both in vivo and in
vitro. But to properly develop systemswith desired functions that integrate multiple
modules, researchers need accurate mathematical models. In this Account, we
review the development of a modularized artificial biological system known as
RTRACS (reverse transcription and transcription-based autonomous computing
system). In addition to modularity, model-guided predictability is an important
feature of RTRACS.

RTRACS has been developed as an in vitro artificial biological system through the assembly of RNA, DNA, and enzymes.
A fundamental module of RTRACS receives an input RNAwith a specific sequence and returns an output RNA with another specific
sequence programmed in the main body, which is composed of DNA and enzymes. The conversion of the input RNA to the output
RNA is achieved through a series of programmed reactions performed by the components assembled in the module. Through the
substitution of a subset of components, a module that performs the AND operation was constructed. Other logical operations could
be constructed with RTRACS modules. An integration of RTRACS modules has allowed the theoretical design of more complex
functions, such as oscillation. The operations of these RTRACS modules were readily predicted with a numerical simulation based
on a mathematical model using realistic parameters.

RTRACS has the potential to model highly complex systems that function like a living cell. RTRACS was designed to be
integrated with other molecules or molecular devices, for example, aptazymes, cell-free expression systems, and liposomes. For
the integration of these new modules, the quantitative controls of each module based on the numerical simulation will be
instructive. The capabilities of RTRACS promise to provide models of complex biomolecular systems that are able to detect the
environment, assess the situation, and react to overcome the situation. Such a smart biomolecular system could be useful in many
applications, such as drug delivery systems.

1. Introduction: Modularity in Synthetic Bio-
logical Systems
The constructive approach is important in synthetic biology,

because it aims to understand the processing of complex

biomolecular systems. An effective method for the con-

struction of artificial biological systems is the integration of

simple modules composed of biomolecules such as DNA,

RNA, and proteins1 (Figures 1A,B and 2A�C). Two modules

can be integrated when the output of a module and the

input of the other module are the same. A complex multi-

layered system can be constructed by integrating simple

modules. The analysis of the modules using mathematical
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modeling based on realistic parameters plays an important

role in module integration.2 In this Account, we describe the

importance ofmodularization andmodeling in the construc-

tion of biological systems within the context of the RTRACS

(reverse transcription and transcription-based autonomous

computing system) approach. RTRACS is an in vitro mod-

ularized RNA-dependent RNA transcription system whose

modules (Figure 1C) are designed to be integrated in

several ways.

In synthetic biology, a module can be defined as a

biomolecular unit that receives an input and returns an

output. In an artificial genetic circuit encoded in DNA, each

gene is considered tobeamodule. For example, a repression

module composedof a LacI regulatedpromoter, a ribosome-

binding site, and a GFPORF turns off generation of GFP as an

output in response to the input of LacI repressor (Figure 1B).

In synthetic biology, many artificial biological modules have

been constructed in vitro as well as in vivo. An aminoacyl-

tRNA synthetase (aaRS) can be considered as a module that

receives a tRNA as an input and returns an aminoacyl-tRNA

as an output (Figure 1A). An aaRS that is modified to attach

an unnatural amino acid to tRNA was used a module to

expand the genetic code in vitro.3 Most nucleic acid compu-

ters are also composed of modules where each receives an

input nucleic acid strand and returns an output strand.

Soloveichik et al. designed DNA-based modules that generate

an output DNA strand via a strand displacement reaction

initiated by an input DNA strand.4

Many artificial biological systems have been constructed

in synthetic biologyby integrating simplemodules (Figure 2).

A toggle switch working inside E. coli was produced by

integrating two repression modules in a form of mutual

inhibition, where each was composed of a repressor

protein and the corresponding regulatory expression unit

(Figure 2A).5 Similarly, the integration of three repression

modules into an inhibition-loop formwas employed in the

construction of an oscillator system (Figure 2B).6 A variety

of nucleic acid-based systems have been constructed,

including logic gates,7,8 a toggle switch,9 and oscillators,10,11

by integrating nucleic acid-based modules where each is

composed of designed nucleic acid strands and some-

times enzymes.

FIGURE 1. Modules in biological systems. (A) An aminoacyl-tRNA
synthetase (aaRS) receives a tRNA and returns an aminoacyl-tRNA. (B) A
LacI-regulated GFP generator receives a LacI repressor and turns off a
GFP. (C) An RTRACSmodule receives an input RNAand returns anoutput
RNA.

FIGURE 2. Integrations of modules in biological systems. (A) A genetic toggle switch composed of two repression modules.5 (B) A genetic oscillator
composed of three repression modules.6 (C) An oscillator composed of nucleic acid-based modules.11
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The integration of simple modules generates upper layer

modules. A population control system12 was constructed by

introducing a cell�cell communication gene to function as a

module into living cells. Each cell that contained the com-

municationmodule also functioned as amodule in an upper

layer system that could control the population dynamics. Inte-

gration of simplemodules by Seelig et al. generated a five-layer

logic gate that received six different nucleic acid strands.7

Mathematical models can be used to analyze the dy-

namics of integrated modules in a large system. Such pre-

dictions are effective in excluding unrealistic integration of

modules from a large range of possible combinatorial pat-

terns. A difficult problem in the integration of modules is to

harmonize module functions, such as the output production

rate in response to the input.Mathematicalmodels based on

realistic parameters supported the construction of the pre-

viously mentioned toggle switches5,9 and oscillators6,10,11

both in vivo and in vitro. Mathematical modeling is indis-

pensable in synthetic biology when implementing a de-

signed system.

Nucleic acid computing, which is an attractive topic in the

field of in vitro synthetic biology, also uses the constructive

approaches based on modularization, module integration,

multilevel modularity, and mathematical modeling. The

specificity of hybridization based onWatson�Crick comple-

mentarity makes nucleic acids a suitable material to use as

the main component. In addition, the catalytic activities of

nucleic acid strandsprovidenucleic acid computerswithhigher

order operations. Several types of nucleic acid computers

have been constructed by assembling nucleic acid strands

with designed sequences.13,14 The specificity of strand

complementarity enabled the construction of hybridization-

based computers with a variety of functions, such as com-

binatorial search15 and logic gates.7,16 Nucleic acid com-

puters that utilize the catalytic activities of enzymes17,18 or

deoxyribozymes19 possess the advantage of amplification

and/or conversionof the input or output signals.Mathematical

models containing the parameters of the respective com-

ponents were used in the construction of some of these

nucleic acid computers to confirm whether the computers

would work as planned, as is the case for in vivo synthetic

biology. These properties of nucleic acids are also utilized

to the construction of nanostructures or nanomachines.20

In this Account, we describe a type of modular nucleic

acid computer known as RTRACS (Reverse-transcription and

TRanscription-based Autonomous Computing System). Each

RTRACS module receives an input RNA and returns an out-

put RNA (Figure 1C) as an enzyme receives a substrate and

returns a product (Figure 1A). In eachmodule, the conversion

of an input RNA sequence to an output RNA sequence is

performed isothermally in a one-pot reaction via a series of

reactions initiated by hybridization between an input RNA

strand and a DNA strand containing the template region for

transcription of output RNA. Other modules were con-

structed to perform logic gate operations by the substitution

of subsets of the components of a module. In a system

composed of integrated RTRACSmodules, a pair of modules

can be connected because both modules use RNA as the

input and output. In addition, the equality of the working

temperature of RTRACSmodules assures the connectivity of

themodules.Moreover, the dynamics of all themodules and

that of the module-integrated system could be predicted by

mathematical modeling, because all of the components and

reactions in eachmodule are identified. RTRACS also has the

potential to be integrated with other biomolecular devices,

such as aptazyme-based devices that receive specific mo-

lecular inputs. In the next section, we will discuss the

characteristics and applications of RTRACS.

2. Development of RTRACS
2.1. Fundamental RTRACSModules. RTRACS consists of

individual modules which convert an input RNA strand with

a specific sequence to an output RNA strand with another

sequence (Figure 1C). In the design of a module,21 an RNA

strand is synthesized as an output after a logical operation

that is achieved by a series of autonomously regulated

hybridization and enzymatic reactions. This element con-

tains a de novo combination of a reverse transcriptase, a

DNA polymerase, an RNA polymerase, a ribonulease H, a

primer DNA, and a converter DNA. The converter DNA

contains the single-stranded complementary sequences of

the input RNA and a T7 promoter as well as the double-

stranded template sequence of theoutput RNA. Theworking

temperature range for a module is dependent on the tem-

perature range of the enzymes. Figure 3 shows the reaction

scheme of the RTRACS module. First, the converter DNA

hybridizes to the input RNA (Figure 3(1)). Using the hybri-

dized converter DNA as a primer and the input RNA as a

template, the reverse transcriptase synthesizes the comple-

mentary DNA of the input RNA (Figure 3(2)). The synthesized

complementary DNA becomes single-stranded through

the digestion of the input RNA by the ribonuclease H

(Figure 3(3)). Then the primer DNA hybridizes to the specific

site on the complementary DNA (Figure 3(4)). Subsequently,

the complementary DNA becomes double-stranded through

the extension with the DNA polymerase (Figure 3(5)). This
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process also makes the promoter sequence on the converter

DNA double-stranded (Figure 3(5)). Finally, the RNA poly-

merase recognizes the double-stranded T7 promoter and

transcribes the output RNA strands (Figure 3(6)). On the

whole, these reactions work as an encoder that generates

the output RNA only when the corresponding input RNA exits.

The programmed function of an RTRACS module was

confirmed in experiments using two modules where each

was designed to receive a specific input RNA. Module 1 and

module 2 contain different converter DNAs each of which

has an input-RNA binding sequence for RNA A and RNA B,

respectively. An output RNA was successfully produced

when RNA A was used as the input for module 1 (Figure 4A).

Conversely, inmodule 2, the output RNAwas producedwhen

RNA B was used as the input (Figure 4B).

2.2. Development of Orthonormal Sequences for Con-

struction of RTRACS. Programmability based on sequence

complementarity makes nucleic acids useful materials, but

problems arising from mishybridization and self-folding of

nucleic acid strands need to be addressed. One approach to

this problem is the development of a set of “orthonormal

sequences”with very little unintentional partial complemen-

tarity. Orthonormal sequences were designed to have uni-

form lengths and melting points with no potential for

mishybridization and stable self-folding.22 The accuracy

and efficiency of the interaction between strands pro-

grammed to form base-parings can be improved by encod-

ing the sequences of the component strands as orthonormal

sequences. Therefore, the use of orthonormal sequences

reduces undesirable interactions among strands and simpli-

fies the construction of RTRACS modules.

2.3. Logical Operations with RTRACS. By using the

RTRACS mechanism, Takinoue et al. designed and con-

structed a module that performs the AND gate operation

(Figure 5).23 In this mechanism, the output RNA strand RC
is generated only when two different input RNA strands

(RA and RB) coexist. Logical values of 0 and 1 are represented

by the absence and presence of RNA strands, respectively.

The presenceof an input RNA strandRAmeans a logical value

of 1 for Input A, while the absence of the input RNAmeans a

logical value of 0 for Input A. Similarly, the presence and

absence of other input and output RNAsmean corresponding

FIGURE 3. Reaction scheme of the fundamental module of RTRACS. Solid arrows indicate DNA strands. Dashed arrows indicate RNA strands. An
output RNA is produced onlywhen an input RNA exists via the followingmultistep isothermal reactions. (1) The converter DNAhybridizes to the input
RNA. (2) The reverse transcriptase synthesizes the complementaryDNAof the input RNAusing thehybridized converterDNAasa primer and the input
RNA as a template. (3) The synthesized complementary DNA becomes single-stranded via the digestion of the input RNA by the ribonuclease H.
(4) TheprimerDNAhybridizes to the specific site on the complementary DNA. (5) The complementary DNA, which includes a promoter sequence,
becomes double-stranded through extension with reverse transcriptase. (6) The RNA polymerase recognizes the double-stranded T7 promoter
and transcribes the output RNA strand. The arrowheads indicate 30-termini of the nucleic acid strands. The DNA and RNA strands are composed of
uniform-length orthonormal sequences from O1 to O5 and their complementary sequences from O1 to O5.
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logical values (Table 1). At the beginning of the AND gate

reaction, RA hybridizes with primer DNA P1 to form a

DNA�RNA hybrid P2. P2 is then converted to a full DNA�
RNA hybrid P3 by extension with the reverse transcriptase.

Thereafter, theRNAstrandof P3 is degradedby ribonuclease

H and a single-stranded DNA P4 is formed. Then P4 hybri-

dizes with the input RNA RB to form a DNA�RNA hybrid P5.

Subsequently, P5 is converted to P6 by extension with the

reverse transcriptase. P6 is then converted to P7 by de-

gradation by ribonuclease H. Thereafter, P7 hybridizes

with a converter DNA Q1 to form a partial DNA�DNA

hybrid Q2. Then the DNA polymerase, using Q2 as a sub-

strate, produces a DNA�DNA hybrid Q3, in which the T7

promoter sequence becomes double-stranded. Finally, the T7

RNA polymerase recognizes the double-stranded T7 promo-

ter and transcribes the subsequent sequence to produce the

output RNA RC.With this scheme, the output RNA strand RC is

produced only when both of the input RNA strands RA and RB
are present.

In the above AND gate module constructed by Takinoue

et al., only an input combination of logical values of 1 for

both inputs was designed to produce an output RNA. How-

ever, a low rate of output RNA RC production occurred in the

other three input combinations. The regulatory range of this

AND gate was evaluated based on the band intensity of

RC for each input combination. The ranges of the input

combinations, RA-no RNA, no RNA-RB, and no RNA-no RNA

were found to be 0.13-, 0.064-, and 0.063-fold that of the

output RNA RC, respectively (Table 1).

FIGURE 5. Reaction scheme of an AND gate module constructed by
Takinoue et al.23 The DNA and RNA strands are composed of ortho-
normal sequences from O1 to O5 and their complementary sequences
from O1 to O5. The reaction proceeds to the end and output RNA RC is
produced only when input RNAs, RA and RB, exist. When only one or
none of the input RNAs exists, no output RNA is produced.

FIGURE 4. Detection of the output RNA produced in response to the
input RNA in RTRACSmodules. Module 1 was designed to receive input
RNA A and not input RNA B, because the converter DNA only hybridizes
to input RNA A and vice versa. Both modules contained Thermus
thermophilus ribonuclease H, avian myeloblastosis virus (AMV) reverse
transcriptase that functioned as both a reverse transcriptase and a DNA
polymerase, and thermostable T7 RNA polymerase. Module operations
wereperformed for 60minat 50 �C. The reactionvolumewas10μL. The
band intensity of the output RNA was measured using a fluoroimage
analyzer, FLA-5100 (Fuji Film, Japan). (A) The production of the output
RNA in module 1 in response to the input of RNA A and RNA B. RNA A
induced the production of 19-fold greater amounts of output RNA
compared with RNA B, although a leaky generation occurred with the
input of RNA B. (B) The production of the output RNA in module 2 in
response to the input of RNA A and RNA B. RNA B induced the
production of 9.4-fold greater amounts of output RNA compared with
RNA A, although a leaky generation occurred with the input of RNA A.
Copyright 2011 YODOSHA CO., LTD.

TABLE1. Evaluationof theANDGateConstructed byTakinoue et al.23 a

logical values 1
1

" #
1
0

" #
0
1

" #
0
0

" #

input combination RA
RB

" #
RA

no RNA

" #
no RNA

RB

" #
no RNA
no RNA

" #

output C RC no RNA no RNA no RNA
band intensity of RC (a.u.) 1200 160 77 76
regulatory range 1 0.13 0.064 0.063
aThe band intensities of RC were measured from the gel shown in ref 23. The
regulatory rangewas obtained bydividing the band intensity of RC for each input
combination by that for input combination of RA and RB.
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In contrast, output RNA strands were produced in all four

input combinations in an improved AND gate module,

although the sequence of the RNA strands differed depend-

ing on the logical values of the output (Figure 6).24 In this

implementation, the presence of the input RNA strands RA-0

and RA-1means a logical value of 0 and a logical value of 1 of

Input A (Table 2). Correspondingly, the presence of the input

RNA strands, RB-0 and RB-1, means a logical value of 0 and a

logical value of 1 of Input B. When input RNA strands RA-1
and RB-1 coexist, an output RNA strand RC-1 is produced by a

series of reactions (Figure 6A). Two combinations including

RA-0were designed to induce a different series of reactions to

FIGURE 6. Reaction scheme of the improved AND gate module constructed by Sakai et al.24 In this AND gate, the output RNA strands are produced
with all input combinations, although the sequences of the outputs are different depending on the logical value of the output. For all input
combinations, appropriate substrates of all enzymes exist. (A) The reaction occurs when both Input A and Input B are a logical value of 1. Input
combination RA-1-RB-1 induces a series of reactions to produce output RNA RC-1, which has a logical value of 1 as an output. (B) The reaction occurs
when Input A is a logical value of 0 and Input B is a logical value of 1 or 0. Two input combinations, including RA-0, induce a different series of reactions
to produce the output RNA, RC-0, which has a logical value of 0 as an output. (C) The reaction occurs when Input A is a logical value of 1 and Input B is a
logical value of 0. Input combination RA-1-RB-0 induces another series of reactions to produce output RNA RC-0, which has a logical value of 0 as an
output. The regulatory range of the AND gate is evaluated based on the ratio of RC-1 to RC-0. The DNA and RNA strands are composed of orthonormal
sequences from O1 to O9 and their complementary sequences from O1 to O9.

TABLE 2. Evaluation of the AND Gate Constructed by Sakai et al.24 a

logical values 1
1

" #
1
0

" #
1
0

" #
0
0

" #

input combination RA � 1
RB � 1

" #
RA � 1
RB � 0

" #
RA � 0
RB � 1

" #
RA � 0
RB � 0

" #
no RNA
no RNA

" #

band intensity of RC-1 (a.u.) 150000 20000 12000 15000 31000
band intensity of RC-0 (a.u.) 6500 210000 240000 250000 9500
ratio of RC-1 to RC-0 23 0.095 0.050 0.060 3.3
regulatory range 1 0.0041 0.0022 0.0026
aThe band intensities of RC-1 and RC-0 were measured from the gel shown in ref 24. The regulatory range was obtained by dividing the ratio of RC-1 to RC-0 for
each input combination by that for input combination of RA-1 and RB-1.
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produce the other output RNA, namely, RC-0 (Figure 6B).

Similarly, the combination of RA-1 and RB-0 was designed to

induce another series of reactions to produce RC-0 (Figure 6C).

The regulatory range of this AND gate was evaluated based

on the ratio of RC-1 to RC-0. As shown in Table 2, the range of

input combinationRA-1-RB-1wasmuchhigher than thoseof the

other three input combinations. Thus, the regulatory range of

this ANDgatewas improved comparedwith the previous gate,

mainly by the association of an RNA strand with an output

logical value of 0. Association of RNA strands with an input

logical valueof 0alsopartially contributed to the improvement

of the regulatory range. The band intensity of RC-1 in the input

combination of RA-0- RB-0 was 2-fold lower than that in the

absence of both input RNAs. A decrease in excess enzymes

was thought to have caused the reduction, because excess

enzymes could interact with unexpected assemblies produced

by mishybridization of strands in the absence of the correct

substrate, although such assemblies would have lower affi-

nities for the enzymes than the correct substrates.

The association of RNA strands with a logical value of 0

was also proposed in the design of logic gates other than the

previously constructed AND and YES gate modules. The

association of RNA strands with a logical value of 0 allows

the construction of a NOT gate. One of a pair of YES gates

produces an output RNA strand whose logical value is the

opposite to that for the input RNA strand. The improvedAND

gate can be viewed as a NAND gate when RC-0 and RC-1

represent a logical value of 1 and a logical value of 0 for

output C, respectively.

2.4. Mathematical Modeling of RTRACS. Because the

AND gate module of RTRACS is composed of a series of

DNA�DNA hybridizations, DNA�RNA hybridizations, and

multiple enzymatic reactions as described above, this logic

gate is not a digital gate, but an analog gate. Thus, an

input�output response of this RTRACS logic gate can be

described using a set of differential equations.

Here, for simplicity, hybridizations are assumed to be

described by the two-state model as follows:

X þX a XX

d[XX ]
dt

¼ kon[X ][X ] � koff[XX ]

where [X] and [X ] indicate concentrations of a DNA/RNA

strand and its complementary strand, and kon and koff are

forward and backward rate constants, respectively. In

addition, enzymatic reactions are assumed to conform to

the Michaelis�Menten model as follows:

Sþ Ea SE f Pþ E

d[P]
dt

¼ kcat[E]T[S]
Km þ [S]

where [P] and [S] represent the concentrations of a reac-

tion product and a reactive substrate, respectively, [E]T
represents the total concentration of an enzyme, and kcat
and Km indicate the enzymatic reaction constant and the

Michaelis�Menten constant of the enzyme, respectively.

Under these assumptions, multiple differential equations

corresponding to each reaction step are generated.

Figure 7A shows the output RNA RC generation in response

to the varying concentrations of the input RNA RB at a fixed

FIGURE7. Results of theANDgate operation obtained by in vitro experiments andnumerical simulations.23 TheANDgate RTRACSmodule shown in
Figure 5was used, and the dependence of the output RNA RC generation on the relative concentration of the input RNA RB to RA wasmeasured using
an in vitro experiment (A) and a numerical simulation (B). In panel (A), the amount of the output RNARCwas detected byusing amolecular beacon that
specifically hybridizes to RC. About 0.18 of the background signal was generated by themolecular beaconwithout any enzymes and input RNA. The
output RNA RC generated in response to varying concentrations of the input RNA RB at a fixed concentration of the other input, RNA RA, is shown. The
x-axis represents the concentration of input RNA RB, while the y-axis represents the concentration of the output RNA RC.
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concentration of another input, RNA RA, in experiments;

Figure 7B shows that in numerical simulations. An extreme

excess of RB over RA was expected to reduce the RC
production rate because the binding between the inter-

mediate product P7 and the excess RB would inhibit the

binding of P7 to the converter DNA Q1. In both results, a

2-fold excess of RB decreased the RC production rate. These

results demonstrate that the numerical simulation result of

RTRACS reproduces the result of the in vitro experiments of

RTRACS qualitatively and relatively quantitatively. It is

notable that the dependence of the output generation on

the input concentrations is well described by the mathe-

matical model. Thus, this result demonstrates that the

input�output (I/O) response of a module of RTRACS can

bewell predicted and themathematicalmodel can be used

for the design of a new RTRACS reaction circuit.
2.5. Design and Simulation of an Oscillator by Integra-

tion of RTRACS Modules. RTRACS was designed to be built

up to perform desired functions by integration of modules.

With this concept, Takinoue et al. proposed an RNA

oscillator in which an oscillation is generated by a feedback

reaction comprising two activation reactions and one inhibi-

tion reaction (Figure 8).25 The feedback reaction is per-

formed with three specific RNA strands, RA, RB, and RA. RA
is generated from an RNA generator. RB is generated by the

sequence conversion reaction of YES gatemodule 1 initiated

by the input of RA. RA is likewise generated by the sequence

conversion reaction of YES gate module 2 initiated by the

input of RB. Since the sequence of RA is complementary to

the sequence of RA, the generation of RA inactivates YES gate

module 1 through hybridization between RA and RA. Even

though the RNA oscillator has not been constructed yet, its

simulation results will provide important information for the

construction.

2.6. RTRACS Functions As a Biomolecular Computer.

From an informational viewpoint, RTRACS is considered as

an autonomous biomolecular computer capable of convert-

ing an RNA sequence into another RNA sequence as a result

of computation. The history of biomolecular computers

began with the development of a DNA computer by Adleman

to solve a mathematical problem.15 Even though a

FIGURE 8. RNA oscillator composed of integrated RTRACSmodules.25 The DNA and RNA strands are composed of the orthonormal sequences from
O1 toO4, and their complementary sequences fromO1 toO4. AnRNAoscillatorwas designed by the integrationof twoYES gate RTRACSmodules and
an RNA generator. Each YES gate module generates a specific output RNA in response to a specific input RNA. An RNA generator constitutively
generates a specific output RNA..
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biomolecular computerwas originally envisionedas amassive

parallel computer for solving challenging mathematical pro-

blems, it has proven difficult to overcome the convenience of

using silicon-based computers. In addition to the massive

parallelism, biomolecular computers have been considered

to have the ability to interface directly with biological

systems.26 As other biomolecular computers do, RTRACS has

substantial advantages in biological applications including

genetic diagnosis.24

3. Expansion of RTRACS
In this section, we discuss the expansion of the input and

output of RTRACS. For example, RTRACS modules have the

potential to be integrated with an aptamer or aptazyme-

based device that generates the specific RNA strand in

response to the input of the target molecule. Considering

the variety of RNA aptamers,27 RNA aptamer-based devices

have wider applications than a DNA-aptamer based

device.28 For conversion of an output RNA into a protein, a

cell-free expression system29 is appropriate for integration

with RTRACS. Since the sequence of the output RNA is

exchangeable, an mRNA of a specific protein could be used

as the output RNA. By using a cell-free expression system,

the mRNA generated by an RTRACS operation could be

translated into the output protein. Other than the expansion

of the input and output, a liposome that works as a cell-sized

container could be integrated with RTRACS. The reaction

conditions of RTRACS modules and the devices must be

adjusted during device integrations. For example, an apta-

mer-based device28 and a cell-free translation system30 had

similar magnesium concentration requirements. When ad-

justing the temperature condition of the translation system,

RTRACS would be required to work at 37 �C. Such tempera-

ture adjustments would be easy, because all the enzyme

activities required for RTRACS could be provided by various

enzymes including the same ones used with RTRACS at

50 �C, as described in this Account. In an RTRACS module,

the RNA could provide an I/O interface for other devices and

other RTRACS modules, as mentioned in the Introduction

(Figure 9). These device integrations have the potential to

produce cell-like systems that recognize their environment

through molecular detection so that appropriate proteins

could be produced.

4. Advantages and aDisadvantage of RTRACS
One advantage of RTRACS over other in vitro synthetic

systems is that the operation of RTRACS module can be

changed easily by reassembling the nucleic-acid compo-

nents, which is a common strategy in the construction of

nucleic acid computers. To construct AND gate modules, the

nucleic-acid components of a fundamental RTRACS module

that receives one input RNA strand were altered without

changing the protein enzymes and reaction conditions.

Compared to enzymes and reaction conditions, it is easier

to change nucleic-acid components because their function-

ality can be controlled by redesign of their sequences.

The use of RNA is a novel aspect of RTRACS compared

with other nucleic acid computers. RTRACS uses RNA

strands as inputs and outputs, while the main body of an

RTRACS module is composed of DNA and enzymes. In

contrast, most nucleic acid computers use DNA strands as

inputs and/or outputs. In a large system containing a

cascade of various steps of reactions, the later reactions

in a cascade may be confused by the habitual presence of

input molecules used in earlier reactions. In reality, living

cells use DNA as a permanent form of genetic information,

while RNA is used as a transient signal for protein expres-

sion and its control. We think that this design concept of

using RNA as a transient signal is unique to RTRACS. In

addition, the use of RNA as an output allows RTRACS to be

integrated with cell-free translation or generation of RNA

aptamers, as mentioned above.

RTRACS also shares a potential disadvantage with other

enzyme-based nucleic acid computers containing protein

FIGURE 9. Expansion of RTRACS by integration with other biomolecular devices. Aptamer-based devices and a cell-free expression system are
integrated with RTRACS to construct a system that recognizes the environment through molecular detection and produces appropriate proteins.
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enzymes with key roles in amplification and conversion of

signals. Protein enzymes provide a broad range of catalytic

activities for biomolecular computers, including natural

organisms that perform complex operations, but the in-

stability of protein enzymes results in a short life expec-

tancy for synthetic cell-free systems. Given that living

organisms use nucleic acid and proteins in their fundamental

systems from the central dogma to cell�cell communica-

tion, there must be solutions for solving this problem in

RTRACS.

5. Conclusions and Perspectives
In this Account, we described the importance of modularity

in biological systems by focusing on the development of

RTRACS. RTRACS is composed of modules, each of which

receives an input RNA and returns an output RNA. Amodule

of RTRACSwas altered to perform theAND logic operation. It

is also feasible to realize other logical operations with the

RTRACS modules. Moreover, RTRACS modules could be

integrated with each other to perform much more complex

operations as desired. The development of designed func-

tions of the integrated system is enabled by quantitative

control based on mathematical modeling. In addition, the

integration of RTRACS modules with other biomolecular

modules such as aptamer-based devices, cell-free protein

expression systems, and liposomes is being pursued. These

characteristics of RTRACS are expected to lead to the devel-

opment of a complex biomolecular system that can detect

changes in the time pattern of lesion markers inside a

tissue and to release the optimal amount ofmedicine in an

appropriate time pattern. Such a complex biomolecular

system could be applied to next-generation drug delivery

systems.
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