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SUMMARY

Increasingly complex reactions are being con-
structed by bottom-up approaches with the aim of
developing an artificial cell. We have been engaged
in the construction of a translation-coupled replica-
tion systemof genetic information fromRNAand a re-
constituted translation system. Here a mathematical
model was established to gain a quantitative under-
standing of the complex reaction network. The sensi-
tivity analysis predicted that the limiting factor for the
present replication reaction was the appearance of
parasitic replicators. We then confirmed experimen-
tally that repression of such parasitic replicators by
compartmentalization of the reaction in water-in-oil
emulsions improved the duration of self-replication.
We also found that the main source of the parasite
was genomic RNA, probably by nonhomologous
recombination. This result provided experimental
evidence for the importance of parasite repression
for the development of long-lasting genome replica-
tion systems.

INTRODUCTION

There is a large gap between chemistry and biology. All living

organisms are driven by various types of chemical reactions

catalyzed by enzymes, but it is largely unknown how these reac-

tions are organized into the ‘‘living state.’’ To bridge this gap,

many groups are attempting to construct biological functions

in vitro from nonliving molecules, including nucleotide polymeri-

zation (Chakrabarti et al., 1994; Mansy et al., 2008), replication of

genetic information (Guatelli et al., 1990; Lincoln and Joyce,

2009; Mills et al., 1967; Walker et al., 1992; Wright and Joyce,

1997), membrane growth (Hanczyc et al., 2003; Kuruma et al.,

2009; Takakura et al., 2003; Walde et al., 1994), cell division

(Zhu and Szostak, 2009), transport (Noireaux and Libchaber,

2004), protein translation (Shimizu et al., 2001), reactions in

membrane vesicles (Kita et al., 2008;Murtas et al., 2007; Nomura

et al., 2003; Oberholzer et al., 1995a, 1995b, 1999; Yu et al.,
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2001), and growth-replication coupling (Chen et al., 2004; Kuri-

hara et al., 2011), and to finally integrate these functions into

an artificial or minimal cell (Deamer, 2005; Forster and Church,

2006; Jewett and Forster, 2010; Luisi, 2002; Noireaux et al.,

2011; Pohorille and Deamer, 2002; Stano, 2011; Szostak et al.,

2001). Some of these studies have utilized simple compounds

that presumably existed in the prebiotic world, such as fatty

acids or nucleotides, to gain insight into the origin of life. Other

studies have utilized biological molecules, such as RNA and

protein, to understand the molecular organization required to

achieve present-day biological functions. The latter type of

approach is known as the semisynthetic approach (Chiarabelli

et al., 2009; Luisi et al., 2006) or in vitro synthetic biology (Forster

and Church, 2007; Simpson, 2006).

Here we focused on the replication of genetic information and

its construction by the semisynthetic approach. A number of

types of in vitro replication systems have been constructed,

including isothermal replication systems for DNA or RNA using

exogenously supplied enzymes (Guatelli et al., 1990; Mills

et al., 1967; Walker et al., 1992; Wright and Joyce, 1997) and

an RNA replication system without any protein enzymes using

cross-reactive self-ligating ribozymes (Lincoln and Joyce,

2009). These results clearly demonstrated that replication of

genetic information can be achieved by a relatively small number

of proteins or ribozymes. One of the next important challenges is

to develop these simple replication systems into more complex

systems closer to those occurring in nature, which is expected

to produce knowledge regarding how individual reactions are

organized into more complex biological functions (Benner and

Sismour, 2005; Ichihashi et al., 2010b; Pohorille and Deamer,

2002).

In natural replication systems, such as a cell or virus, replica-

tion of genetic information is coupled with translation of the

information, where an information molecule (DNA or RNA) is

replicated by the replication enzyme translated from the informa-

tion encoded in itself. This translation-replication coupling

allows an informationmolecule to utilize various types of proteins

for its replication, and is therefore considered a prerequisite

to achieve open-ended evolution, one of the characteristics of

living organisms (Ruiz-Mirazo et al., 2004; Szathmáry and

Maynard Smith, 1995).

Recently, we constructed a translation-coupled replication

system from artificial genomic RNA encoding an RNA replicase
Ltd All rights reserved
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Figure 1. Schematic Drawing of the Trans-

lation-Coupled RNA Self-Replication

System

(A) Simple scheme. The system contained

genomic plus RNA and a modified cell-free trans-

lation system (PURE system). The plus RNA

carried the gene encoding the coliphage Qb

catalytic subunit of RNA replicase (RNA-depen-

dent RNA polymerase). The subunit is translated

from genomic plus RNA and forms an active

replicase with the other subunits, EF-Tu and Ts,

which are components of the cell-free translation

system. The heterotrimer replicase synthesizes

the complementary strand, the minus RNA, using

the plus RNA as a template. Then, using the minus

RNA as a template, the replicase synthesizes

complementary plus RNA.

(B) Detailed mathematical model. This reaction

model is mainly composed of three parts: genomic

RNA replication, replicase translation, and para-

sitic RNA replication. Black arrows represent the

process in which RNA or replicase was synthe-

sized. The gray arrows represent binding or

dissociation processes. Dotted arrows and the

symbol f represent processes in which compo-

nents are degraded or inactivated irreversibly. For

simplicity, some of the pathways are not shown

here, such as returning of the replicase from the

RNA-replicase complex after complementary

strand synthesis. In this model, the complemen-

tary strand, double-stranded RNA formation, and

degradation of parasitic RNA were neglected.

See also Table S1 and Figure S4.
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and a reconstituted cell-free translation system of Escherichia

coli (Kita et al., 2008). In this system, the RNA replication enzyme

is translated from the genomic RNA and replicates the original

genomic RNA (Figure 1A). This replication system has the

same scheme as natural replicators such as RNA viruses,

although the reaction efficiency, especially the duration of repli-

cation, was much lower than those seen in nature for an as yet

unknown reason(s), suggesting that there still exist unknown

conditions that must be satisfied to construct a long-lasting

translation-coupled replication system.

Generally, the largest hurdle in the construction of in vitro

systems with performance close to those in nature is their com-

plexity, which makes their behavior unpredictable and thus their

improvement difficult. This is the case in the translation-coupled

replication system described above, which involves many com-

ponents, such as genomic RNA, replicases, ribosomes, other

translation proteins, tRNAs, NTPs, amino acids, and so forth,
Chemistry & Biology 19, 478–487, April 20, 2012
and these components participate in

several types of reactions, including RNA

synthesis, replicase translation, ATP reac-

tivation, aminoacylation of tRNA, and so

on.Theconcentrationsof thecomponents

change dynamically over time; all of the

components are consumed or degraded

over time, whereas some components,

such as replicases or genomic RNA,

increase by translation or RNA replication,
respectively. Thesedynamicscause thebehavior of the system to

be both nonlinear and unpredictable (Kita et al., 2008).

To overcome this unpredictability and to find conditions that

must be satisfied to achieve long-lasting translation-coupled

replication, we analyzed the replication system using a mathe-

matical model that explained the system behavior quantitatively

and predicted that the factor limiting the duration of replication is

the appearance of parasitic replicators. Then, we experimentally

demonstrated that encapsulation of the reaction into microscale

compartments repressed the appearance of parasitic replicators

and improved the duration of translation-coupled replication.

RESULTS

Modeling and Parameter Estimation
We previously constructed a translation-coupled replication

system composed of artificial genomic RNA (plus RNA; 2,125
ª2012 Elsevier Ltd All rights reserved 479



Figure 2. Simulation and Experimental Results of the Kinetics of

Components in the Present Translation-Coupled RNA Self-Replica-

tion Reaction

The translation-coupled self-replication reaction was experimentally per-

formed under standard conditions. The mixture of newly synthesized plus and

minus RNA in single-stranded form (A) or double-stranded form (B) and

parasitic RNA (C) was measured by [32P]UTP incorporation, followed by

agarose gel electrophoresis and autoradiography. The translated replicase

b subunit (D) was measured by [35S]methionine incorporation, followed by

SDS-PAGE and autoradiography. More detailed methods of the radioisotope

incorporation assay are described in Supplemental Information (Experiment

6). Minus RNA (E) and plus RNA (F) were measured by quantitative PCR after

reverse transcription as described in Experimental Procedures. The squares

show empirical data and the lines show the results of numerical simulation

using the mathematical model and the parameters listed in Table S1.
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bases) and a reconstituted cell-free translation system (Fig-

ure 1A) (Kita et al., 2008; Shimizu et al., 2001). This plus RNA

encodes the catalytic b subunit of an RNA-dependent RNA poly-

merase (Qb replicase), derived from coliphage Qb, and has

recognition sequences for the replicase at both termini. In this

reaction, the subunit of the replicase is translated from genomic

plus RNA and forms an active replicase complex with elongation

factor EF-Tu and Ts contained in the translation system. The

translated replicase then synthesizes the complementary minus

RNA using the plus RNA as a template. As minus RNA can also

be used as a template for the replicase, the replicase synthesizes

plus RNA from theminus RNA. However, this replication reaction

stopped by 1 hr, and the plus RNA showed less than 1.5-fold
480 Chemistry & Biology 19, 478–487, April 20, 2012 ª2012 Elsevier
replication (Kita et al., 2008) (Figure 2F). Due to the complexity

of the system, there are several possible explanations for the

limited duration of the reaction, as described below.

Appearance of Parasitic RNA

We found that small (usually 200–300 bases) replicable RNAs

appeared spontaneously in our translation-coupled replication

system (Figure 2C). These small RNAs do not produce the

replicase because they do not encode the enzyme. However,

these RNAs can act as templates for replicase already present

in the system and are replicated very rapidly due to their small

size, resulting in competitive inhibition of genomic replication.

According to these characteristics, the small RNAs can be

regarded as parasites in this translation-coupled replication

system.

Double-Stranded RNA Formation

Genomic plus and minus strands are active in their single-

stranded forms. If they anneal and form double-stranded RNA,

they become inert for both translation and replication (Nishihara

et al., 1983). Therefore, if the double-stranded RNA accumulates

at a sufficient rate, the translation-coupled replication reaction

may stop. Indeed, we found that a substantial part of synthesized

RNA became double stranded during the self-replication reac-

tion (Figure 2B).

Inactivation of the Cell-free Translation System

The translation activity of the cell-free translation system

decreases gradually during incubation at 37�C due to either

inactivation of translational proteins or consumption of NTPs

and amino acids (Shimizu et al., 2001).

RNA Degradation

Genomic plus and minus RNAs are degraded during incubation

at 37�C, probably by RNase contamination in the translation

system (Figure S4A available online). Although all the compo-

nents of the system are purified to almost homogeneity, unde-

tectable amounts of RNase may be sufficient for degradation

of the RNA.

Inactivation of the Replicase

We found previously that the purified replicase is unstable at

37�C (Ichihashi et al., 2010a). This is also the case for the repli-

case translated in the cell-free translation system, where the

half-life of the replicase activity was about 50 min (Figure S4B).

One or various combinations of these negative factors may

shorten the duration of the translation-coupled self-replication

reaction to different extents. To evaluate the effects of each

factor quantitatively, we constructed a mathematical model

including all the negative factors listed above (shown schemati-

cally in Figure 1B; details are presented in Supplemental Infor-

mation). This model includes 11 components (plus RNA, minus

RNA, replicase, ribosome, their complexes, etc.) and 26 reac-

tions (ribosome binding to plus RNA, translation of replicase,

replicase binding to plus and minus RNA, synthesis of RNA,

etc.). We estimated the rate constants of all the reactions (k1–

k26) included in the model by measuring the concentrations of

the components under various experimental conditions (see

Supplemental Experimental Procedures; parameter values are

presented in Table S1). Using this model and rate constants,

we were able to simulate the dynamics of the components

(plus RNA, minus RNA, single-stranded RNA, double-stranded

RNA, replicase) during the translation-coupled self-replication

reaction within 20% error (Figure 2).
Ltd All rights reserved



Figure 3. Computational Simulation of the Kinetics of Parasitic and
Genomic RNAs without the Appearance of Parasite

The kinetics of each RNA, parasitic RNA (A), genomic minus RNA (B), and plus

RNA (C), in the translation-coupled RNA self-replication reaction were simu-

lated using themathematical model (Figure 1B; Supplemental Information) and

parameters shown in Table S1. Simulation of the present state, where about 2

fM parasite was assumed to appear immediately at time 0, is shown as

the black lines, which showed a good fit with the experimental results (see

Figure 2). The predicted results in the case in which the initial parasitic

concentration was set at zero and the other parameters were the same as the

present state are shown as gray lines.

See also Figure S1.
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Using the model and parameters, we predicted the dynamics

in the cases where each of the negative factors described above

was eliminated or altered. For example, for negative factor 1,

initial parasite concentration was set to zero, and for negative

factor 2, the double-strand formation rate was decreased

down to 30% (see the legend of Figure S1 for details). The simu-

lation showed that improvement of negative factors 2–5 had only

slight effects on the duration of plus RNA replication (Figure S1),

whereas if factor 1 were eliminated (i.e., if parasite was assumed

not to appear), plus and minus RNA replication was significantly

prolonged (Figure 3). This computational result suggested that
Chemistry & Biology 19,
the main limiting factor for the present RNA self-replication

system is the appearance of parasitic RNA.

Repression of Parasitic RNA by Compartmentalization
We experimentally examined whether repression of the parasitic

RNA indeed enhanced genome replication. In previous studies

on the origin of life, many theoretical reports indicated that

spatial structures, such as compartments, repress the amplifica-

tion of parasitic replicators by restricting their diffusion (Bresch

et al., 1980; Maynard Smith, 1979; Szathmáry and Demeter,

1987). The basic concept of compartmentalization is that when

the number of compartments is much larger than the number

of parasites, the amplification of parasite is confined to a small

number of compartments, whereas the other compartments

are free from parasite where the genome replication continues.

We used water-in-oil emulsion as a compartmentalization

method. This type of emulsion was first proposed as an artificial

cell model by Tawfik and Griffiths (1998), and then utilized to

repress nontemplate PCR amplification (Ghadessy et al.,

2001). Here we adapted this technique to the translation-

coupled replication system, and examined whether com-

partmentalization represses the parasite and enhances the

replication of genomic RNA as predicted by the simulation.

The standard reaction mixture containing plus RNA (70 nM)

and the cell-free translation system was dispersed in the oil

phase (4.5% Span 80, 0.5% Tween 80 in light mineral oil [v/v])

bymixing with various strengths to produce emulsions of various

average sizes ranging from 6.1 to 2,700 mm (Figure S2). The

emulsions were incubated for 3 hr at 37�C to allow the transla-

tion-coupled replication reaction to proceed. After collecting

the water phase by centrifugation, we measured replicated

genomic minus RNA and parasitic RNA. In the largest emulsion

(2,700 mm), parasitic RNA was amplified to more than

15,000 nM, but was below the detection limit (<500 nM) in the

smallest emulsion (6.1 mm) (Figure 4A). In contrast, the synthesis

of genomic minus RNA was about 2-fold higher in the smallest

emulsion than in the largest emulsion (Figure 4B), inversely

correlated with parasitic replication.

To examine the duration of the reaction, we measured the

kinetics of minus RNA and parasitic RNA in both the smallest

(6.1 mm) and largest (2,700 mm) emulsions. Parasitic RNA ap-

peared after 2 hr and showed amplification up to 8,000 nM in

the largest emulsion, whereas the parasite was not detected

even after 5 hr in the smallest emulsion (Figure 5A). In contrast,

the synthesis of genomic minus RNA stopped after 1 hr in the

largest emulsion, whereas it continued up to 3 hr in the smallest

emulsion (Figure 5B). For genomic plus RNA, no significant

replication was observed in the largest emulsion, whereas

the replication continued up to 4 hr and finally the plus RNA

replicated to more than double the initial concentration in the

smallest emulsion (Figure 5C). These results indicated that the

appearance of parasite indeed limited the genomic plus and

minus RNA replication in the translation-coupled self-replication

system, consistent with our predictions based on the mathemat-

ical model and simulation (Figure 3).

It is notable that the emulsion preparation strategy did not

affect the replication reaction (Urabe et al., 2010) or the transla-

tion reaction (Figure S3). This is reasonable, because all compo-

nents except the parasitic RNA should be present at identical
478–487, April 20, 2012 ª2012 Elsevier Ltd All rights reserved 481



Figure 5. Effects of Compartment Size on the Kinetics of Parasitic

and Genomic RNA Replication

The translation-coupled self-replication reaction was performed in emulsions

with average sizes of 6.1 mm (open symbols) and 2,700 mm (filled symbols). The

6.1 mm emulsion was prepared by vigorous mixing with a vortex mixer and

the sizes of more than 100 droplets were measured under a microscope.

The 2,700 mm emulsion consisted of a single droplet. After incubation for the

indicated times, all the emulsions were collected by centrifugation and the

concentrations of parasitic RNA (A), genomic minus RNA (B), and plus RNA (C)

were measured as described in Experimental Procedures. Error bars show

standard deviations (n = 3).

See also Figure S3.

Figure 4. Effects of Compartment Size on the Internal Self-Replica-
tion Reaction

The translation-coupled self-replication reaction was performed in emulsions

with various average sizes prepared by several mixing methods as described

in Experimental Procedures. The size distributions were determined by

measuring the sizes of more than 100 droplets for each preparation under a

microscope (Figure S2). After 3 hr of incubation, all the emulsions were

collected by centrifugation and the concentrations of parasitic RNA (A) and

genomic minus RNA (B) were measured as described in Experimental

Procedures. Error bars show standard deviations (n = 3). These data of

parasitic RNA were used to estimate the rate of parasitic RNA appearance in

Figure S6.

Chemistry & Biology

Parasite Repression for Prolonged Self-Replication
concentrations under our experimental conditions: the copy

numbers of genomic plus RNA and all the translational factors

were more than 1,000 molecules even in the smallest emulsion

(6.1 mm). Therefore, compartmentalization affects only the para-

sitic RNA amplification but not the internal genomic replication or

translation reactions.

Frequency of Parasite Appearance and Its Origin
In the above experiments, parasitic RNA was sufficiently

repressed in emulsions with average sizes of less than 10 mm.

To understand what determines the sufficient size, we next

investigated the origin of the parasitic RNA and its frequency

of appearance. We cloned some of the parasitic RNAs that ap-

peared in the 15 mm emulsion during the self-replication reaction

and analyzed the sequences. All of the clones were about 220

bases in length and showed high degrees of similarity to a previ-

ously reported RNA template for Qb replicase, MDV-1 (Mills

et al., 1967), except that relatively high levels of variation were

observed in the region around base 160 (Figure S5).

MDV-1 RNA is one of the fastest replicable RNAs, which is

known to appear frequently in the presence of Qb replicase

from many sources, such as de novo synthesis from NTPs (Bie-

bricher et al., 1986) and selection and mutation from rRNA or
482 Chemistry & Biology 19, 478–487, April 20, 2012 ª2012 Elsevier
tRNA (Kacian et al., 1971; Munishkin et al., 1988). Therefore,

the parasitic RNA may also be derived from these sources in

the cell-free translation system. Another possible source is

recombination of the genomic plus RNA because the plus RNA

was originally constructed by inserting the b subunit gene of

Qb replicase into the MDV-1 derivative, MDV-poly (Kita et al.,

2008). Therefore, nonhomologous recombination of plus RNA

at appropriate sites can produce MDV-1 derivatives. Nonhomol-

ogous recombination has been reported to occur spontaneously

at 37�C, although at a low rate (10�7/hr) (Chetverin et al., 1997).

These observations suggest two models for the origin of the
Ltd All rights reserved



Figure 6. Two Possible Routes of Parasitic RNA Production

In the first route, parasitic RNA can be produced by de novo synthesis from

NTPs included in the reaction mixture, or produced as a result of mutation and

selection from RNAs present in the cell-free translation system such as tRNA

and rRNA. In the second route, parasitic RNA can be produced by nonho-

mologous recombination from genomic plus RNA because plus RNA was

originally constructed by inserting the replicase subunit gene into a replicable

RNA, MDV-poly, which is known to replicate itself in the presence of the

replicase.

See also Figure S5.

Figure 7. Dependency of Parasitic RNA Appearance on Genomic

Plus RNA

In the presence of exogenously added replicase (200 nM), the standard

reaction mixture was incubated for 2 hr with or without normal or mutant plus

RNA in emulsionswith an average size of 20 mmprepared by gentlemixingwith

a vortex mixer. All of the emulsions were collected and subjected to poly-

acrylamide gel electrophoresis, followed by staining with SYBR Green II

(Invitrogen). The mutant plus RNA lacked part of the replicase subunit coding

region and thus did not produce active replicase. The quantitative results are

shown at the bottom.

See also Figure S6.
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parasitic RNA: (1) de novo synthesis or synthesis from the RNAs

in the cell-free translation system; and (2) nonhomologous

recombination from genomic plus RNA (Figure 6).

To distinguish between these two models, we examined the

plus RNA dependency of the appearance of parasitic RNA,

because model 2 is dependent on plus RNA whereas model 1

is not. We measured the amount of amplified parasitic RNA after

incubation of the cell-free translation system with or without plus

RNA in the presence of exogenously added purified replicase in

the 20 mmemulsion. In addition, to evaluate the effects of internal

translation of the replicase, we usedmutant RNA lacking the 100

base internal region of the replicase gene that has therefore lost

the ability to produce active replicase (Drep plus RNA). We found

that amuch larger amount of parasitic RNA appeared in the reac-

tion with both plus RNA and Drep plus RNA than in that with no

plus RNA (Figure 7), indicating that the appearance of parasitic

RNA in the replication system is mostly dependent on plus

RNA, probably through nonhomologous recombination. Based

on this model, the relatively high degree of variation in the region

around base 160 among the parasite clones described above

can be explained by the variation in recombination sites. Note

that we observed a small amount of parasitic RNA even without

plus RNA, indicating that the parasitic RNA also has a plus RNA-

independent origin.

We next estimated the frequency of the appearance of para-

sitic RNA from the size dependency shown in Figure 4A based

on the recombination model. Assuming that the rate of parasite

appearance by recombination is constant over time, we simu-

lated parasitic RNA amplification in emulsions of various sizes

using the mathematical model. The results indicated that the

size dependency of the appearance of parasitic RNA could be

well explained when the rate of appearance was set to 10�8/hr
Chemistry & Biology 19,
per plus RNA molecule (Figure S6). This value is close to that

reported previously (10�7/hr and 10�9/hr), although both were

rough estimates (Chetverin et al., 1997; Chetverina et al.,

1999). Based on this value, the effects of compartmentalization

on the parasite replication in Figures 4 and 5 can be explained

as follows. The average copy numbers of parasite appearing in
478–487, April 20, 2012 ª2012 Elsevier Ltd All rights reserved 483
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1 hr were 0.001 and 1 molecules in 10 mm and 100 mm compart-

ments, respectively. Therefore, in the 10 mm compartment, the

majority of the emulsion was free from parasite and genome

replication continued for a longer period.

DISCUSSION

Recently, several groups have proposed the construction of

a minimal or artificial cell from scratch, and many types of cell

functions have been constructed as described in the Introduc-

tion. One of the next challenges is the integration of these indi-

vidual functions into higher-order biological functions, such as

the translation-coupled replication shown here. Generally, the

integration of different types of reactions sometimes causes

unexpected interactions among components and reactions, re-

sulting in unpredicted behavior of an integrated system. To over-

come this problem, we first established amathematical model of

the system that includesmost of thepotentially problematic path-

ways, and obtained reliable parameter values experimentally

(Figure 1B; Table S1). Using this model and parameters, we

analyzed the behavior of the system under various conditions

(i.e., at different parameter values or different initial concentra-

tions) and found conditions under which the translation-coupled

replication lasts for a longer time (Figure 3). The computational

predictions were further supported by experimental evidence

(Figure 5). Although this type of quantitative simulation has not

been fully utilized for the in vitro construction with few exceptions

(Kim andWinfree, 2011; Montagne et al., 2011), the results of this

study suggested that it could be a useful and probably indispens-

able tool for further construction of integrated and thus more

complex biological systems, such as an artificial or minimal cell.

The importance of a compartmental structure for parasite

repression has been studied for decades theoretically using

models of primordial life, including the ‘‘hypercycle’’ model,

a hypothetical primitive genetic information replication system

(Bresch et al., 1980; Eigen and Schuster, 1978; Niesert et al.,

1981; Takeuchi and Hogeweg, 2009). The translation-coupled

RNA replication system used here is also categorized as a

minimum hypercycle (Eigen et al., 1991). As these previous

studies were mainly theoretical, a number of questions remain.

Do parasites actually appear and act as a limiting factor in repli-

cation systems composed of polynucleotides and proteins?

From where and at what rate do such parasites appear? The

results of this study experimentally answer these questions.

We found that parasitic replicators actually appeared from

genomic RNA at a rate of about 10�8/hr and became the limiting

factor for replication of genomic RNA. This result provides

experimental evidence for the importance of repressing parasitic

replicators by using a compartmental structure to achieve long-

lasting self-replication.

Although this was a case study of a translation-coupled

replication system of genetic information, the insights obtained

here are of potential importance for other replication systems,

including hypothetical primitive replicators in the origin of life,

recently proposed artificial cell models, and artificial replication

systems constructed in vitro. For example, in the hypothetical

RNA world, genome recombination may have produced para-

sitic replicators by deleting the replication ribozyme encoded

on the genome but maintaining the recognition sequence for
484 Chemistry & Biology 19, 478–487, April 20, 2012 ª2012 Elsevier
the ribozyme. Similar selfish replicators were reported to appear

in some artificial replication systems constructed in vitro

(Breaker and Joyce, 1994; Hanczyc and Dorit, 1998). Once this

type of parasite appeared, it would have replicated much faster

than the genome because of its small size and eventually inhibit

replication of the genome. Therefore, the frequency of the

appearance of such parasites must generally be low to achieve

long-lasting self-replication of the genome. This restricts the

possible conditions under which primitive replication may have

emerged on the ancient Earth. It also restricts the possible

design of an artificial cell. To date, various schemes for the

construction of artificial cell models have been proposed

(Deamer, 2005; Forster and Church, 2006; Jewett and Forster,

2010; Luisi, 2002; Noireaux et al., 2011; Pohorille and Deamer,

2002; Stano, 2011; Szostak et al., 2001), but the importance of

parasite repression has not been fully appreciated. The results

of this study suggest that it is important to evaluate the frequency

of parasite appearance and to design the cell size in which para-

site appearance is negligible to construct an artificial or minimum

cell harboring a genome replication system.

We showed that most of the parasitic RNAwas produced from

plus RNA, probably through RNA recombination (Figure 7), and

postulated that the recombination site is located around base

160, as the parasitic RNAs have a relatively high degree of vari-

ation in this region (Figure S5). These observations raise ques-

tions regarding the possible mechanism of RNA recombination

that can explain these results. It is known that RNA recombina-

tion can occur by several mechanisms, broadly classified as

homologous or nonhomologous. Template switching is a well-

known mechanism of homologous recombination, in which the

complex of RNA replicase and nascent chain dissociates from

the template RNA during replication, and then binds to the

homologous region of another template RNA and restarts the

replication reaction (Biebricher and Luce, 1992; Simon-Loriere

and Holmes, 2011). As this mechanism requires homologous

sequence overlap in the RNA fragments for recombination, it

cannot explain the results observed here; plus RNA does not

have a homologous sequence around the recombined region,

and the existence of variation in the region of base 160 is not

compatible with this mechanism. Two mechanisms of nonho-

mologous recombination have been proposed by Chetverin’s

group. The first is trans-esterification between the 30 end of an

RNA fragment and the internal region of another RNA fragment

catalyzed by Qb replicase (Chetverin et al., 1997). This mecha-

nism also seems irrelevant to our results because the 30 end
does not participate in recombination to produce parasitic

RNA. The second mechanism of nonhomologous recombination

is called self-recombination (Chetverin, 1999), in which RNA

recombines between internal regions almost randomly in the

presence of magnesium ions without any protein, although the

precise details of this mechanism are unknown. This type of

recombination occurs also within an RNA molecule, resulting in

deletion of an internal region, and produces variation in

sequence at the recombination site, consistent with our observa-

tions. The frequency of recombination was reported to be

10�9/hr, similar to our recombination rate (10�8/hr). These obser-

vations suggest that this type of self-recombination is the most

plausible mechanism to explain the production of parasitic

RNA from plus RNA observed in our experiments.
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Although we improved the duration of translation-coupled

RNA replication in this study, replication eventually stopped after

about 4 hr (Figure 5). Simulation using our mathematical model

predicts that the next problem is double-stranded RNA forma-

tion between plus and minus RNA. As double-stranded RNA is

inert for both translation and replication, it is a dead-end product

of the self-replication system. This has been indicated previously

as an inevitable problem of the system using single-stranded

RNA as a genome, and must be resolved to achieve recursive

replication (Forster and Church, 2007; Szostak et al., 2001).

Recently, the 3D structure of the replicase was determined (Kid-

mose et al., 2010; Takeshita and Tomita, 2010). According to the

structure, newly synthesized RNA and template RNA extrude

from different parts of the replicase as single-stranded mole-

cules. Thus, double-stranded RNA is thought to be formed by

reassociation between plus and minus RNA after replication.

This reassociation can be controlled by the RNA sequence, given

that the ratio of the double-stranded form to the total replication

product of the phageQb genomic RNA is low (about 30%) (Urabe

et al., 2010), suggesting that the phage genome RNA contains

sequences that inhibit reassociation. A more precise under-

standing of the reassociation mechanism will facilitate the

development of new artificial genomic RNA with a lower

tendency to form double-stranded RNA.

SIGNIFICANCE

The cell is composed of chemical molecules and is driven by

chemical reactions among them. However, it is still not

possible to assemble a living cell from nonliving molecules,

indicating a lack of knowledge regarding the organization of

molecules into a living state. To obtain such knowledge,

many groups are attempting to construct each biological

function individually, and integrate them into an artificial or

minimal cell (Deamer, 2005; Forster and Church, 2006;

Jewett and Forster, 2010; Luisi, 2002; Noireaux et al., 2011;

Pohorille and Deamer, 2002; Stano, 2011; Szostak et al.,

2001). This is called the bottom-up approach or in vitro

synthetic biology. Here we attempted to construct one of

the fundamental biological functions, replication of genetic

information, from identified molecules. We found that the

appearance of parasitic replicators is a critical problem for

the replication system, and successfully overcame this

problem by encapsulating the reaction into microcompart-

ments. These results experimentally demonstrated that a

mechanism for repression of parasitic replicators is required

to achieve a long-lasting genome replication system, pro-

viding important insights for the possible design of an artifi-

cial cell.

The knowledge obtained here has broad significance for

all researchers interested in not only artificial cell construc-

tion but also the origin of life. The importance of parasite

repression for primitive replication systems was first pro-

posed in the 1970s by using Manfred Eigen’s hypercycle

model (Maynard Smith, 1979) and has attracted the interest

ofmany researchers over the intervening decades (Takeuchi

and Hogeweg, 2007), but experimental demonstration has

not been reported. This report indicates that parasite, the

replication of which depends on other replicators, actually
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appears and is a limiting factor for a genome replication

system composed of nucleotides and polypeptides.

EXPERIMENTAL PROCEDURES

Materials

Qb replicase was purified as described previously (Kita et al., 2006). Plus and

minus RNAswere prepared by in vitro transcription following SmaI digestion of

the plasmids pUCmdv(–)b(+) and pUCmdv(+)b(–), respectively (Kita et al.,

2008). The plasmid for mutant plus RNA used in Figure 7 was constructed

by digestion of pUCmdv(–)b(+) with SalI and self-ligation of the larger fragment.

Translation-Coupled RNA Self-Replication Reaction

The standard reaction mixture contained the plus RNA (70 nM) and the recon-

stituted cell-free translation system (PURE system; Shimizu et al., 2001) modi-

fied as described below (Kazuta et al., 2008; Matsuura et al., 2009). All of the

protein components were purified in our laboratory and mixed in the compo-

sitions described previously (Hosoda et al., 2008) except for the omission of

T7 RNA polymerase. The compositions of low-molecular-weight compounds

were optimized for the RNA replication reaction as follows: tyrosine

(0.3 mM), cysteine (0.3 mM), 18 other amino acids (0.36 mM), 0.39 mg/ml

tRNA mix (Roche), ATP (3.75 mM), GTP (2.5 mM), CTP (1.25 mM), UTP

(1.25 mM), HEPES-KOH (pH 7.6, 100 mM), potassium glutamate (70 mM),

spermidine (0.375 mM), magnesium acetate (18 mM), creatine phosphate

(25 mM), dithiothreitol (6 mM), and 5-formyl-5,6,7,8-tetrahydrofolic acid

(10 mg/ml). All of the reactions were performed at 37�C.

Assay for Replicated RNA

Plus and minus RNA was measured by quantitative PCR followed by reverse

transcription using the complementary RNA as a standard as follows. Reaction

mixtures containing plus or minus RNA were diluted more than 10,000-fold

with 1 mM EDTA (pH 8.0) and heated at 95�C for 5 min to dissociate double-

stranded RNA. The heated sample was subjected to reverse transcription

(RT) (PrimeScript; Takara) with RT primer at 50�C for 30 min according to

the manufacturer’s instructions, followed by 5-fold dilution and mixing with

the solution for quantitative PCR (SYBR Premix Ex Taq; Takara) containing

PCR primers. The RT primers (50-GCAAGTGACTCAGGATTCGTACATAATA

TCGTCTCCGTAAACAGTG-30) or (50-TAAGCGAATGTTGCGAGCACGGCCCA

TTCTGTGTACCTCAAG-30) and PCR primer sets (50-GGTAGTGTTGTTACCT

ACGAGAAG-30 and 50-GCAAGTGACTCAGGATTCGTAC-30) or (50-GATCCA

CCCGCGGTTTTTC-30 and 50-TAAGCGAATGTTGCGAGCAC-30 ) were used

for plus RNA andminus RNA detection, respectively. To measure the amounts

of parasitic RNA, we separated the parasitic RNA from other RNAs by 8%

PAGE with 0.1% SDS in TBE buffer (pH 8.4) containing Tris(hydroxymethyl)

aminomethane (100 mM), boric acid (90 mM), and EDTA (1 mM), followed by

staining with SYBR Green II (Invitrogen). The intensities of the bands corre-

sponding to 100–300 bases were determined. Note that because staining

with SYBR Green II is dependent on RNA length and sequence, the parasitic

RNA concentrations shown in Figures 4, 5, and 7 are qualitative rather than

quantitative.

Emulsification and Recovery

A mixture of mineral oil (Sigma) and surfactants, 4.5% (v/v) Span80 (Sigma)

and 0.5% (v/v) Tween80 (Sigma), was used as the oil phase. The oil phase

was saturated with the saturation buffer as follows. The saturation buffer,

which had the same composition as the mixture of low-molecular-weight

compounds except for the omission of NTPs and tRNA, was mixed vigorously

with the oil phase (150 ml per 1 ml of oil phase) and then incubated for 10 min at

37�C. After centrifugation at 22,000 3 g for 5 min, the upper oil phase was

collected. Water-in-oil emulsion was prepared by mixing 500 ml of the satu-

rated oil phase and 20 ml of the standard reaction mixture. The average volume

of emulsion was roughly controlled by changing the strength of mixing. For

example, the smallest emulsion (6.1 mm) was prepared by vigorous mixing

with a vortex mixer at maximum intensity for 30 s, and the larger emulsion

was prepared by gentle mixing with a pipette. The diameters of more than

100 droplets in each emulsion were measured under an optical microscope.

After the reaction, 1 ml of 0.5 M EDTA (pH 8.0) was added to stop the reaction.
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The water phase of the emulsion was recovered as described previously (Taw-

fik andGriffiths, 1998). The absorbance at 260 nmwasmeasured to correct the

differences in recovery among samples.

Modeling and Simulation

Reactions in the translation-coupled RNA self-replication system were

modeled as shown schematically in Figure 1B, which is composed of 26 reac-

tion formulas as described in Supplemental Information. Based on these

formulas, the deviations of all the components are represented in the form of

11 differential equations (not shown). The differential equations were solved

numerically using the NDSolve algorithm in Mathematica (Wolfram Research)

for simulation of the kinetics of each component. Methods regarding

modeling, simulation, and parameter estimation are described in more detail

in Supplemental Information (see also Figure S4).

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one table, and Supplemental

Experimental Procedures and can be found with this article online at

doi:10.1016/j.chembiol.2012.01.019.
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