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Introduction

Even the simplest living cells display enormous complexity,
and exhibit three basic properties making life different from
other types of networks: self-maintenance (metabolism), self-
reproduction, and evolvability. This raises the question of
whether such complexity is essential for a living system.[1] To
address this question, researchers have been attempting to
synthesize artificial cells from simple known substances.[1, 2]

Once such artificial cells have been developed, it will be possi-
ble to identify the precise number (or minimum number) of
components that can constitute a living system. In addition, at-
tempts to synthesize artificial cells can contribute to a better
understanding of the origin of life because it will provide a
physically possible path that could have led to primitive living
cells. Furthermore, experimentally increasing the complexity of
the artificial cell by starting from the simplest one will provide
an opportunity to simulate evolutionary processes[1, 2] to the
development of more complex organisms and eventually cur-
rent organisms.

Although the experimental construction of artificial cells has
been proposed many times over the last several years,[1, 2] prog-
ress toward this goal has been proceeding in discrete steps
with researchers assembling elements that partially fulfill the
properties of a living system. For example, it was shown to be
possible to generate artificial lipid vesicles (liposomes) of the
same size as small bacteria from amphiphilic molecules.[3] Artifi-
cial vesicles were also shown to be capable of autocatalytic
growth, and even to be able to undergo repeated cycles of
growth and division.[4] Various types of biological reaction (nu-
cleic acid and protein synthesis,[5] integration of pore pro-
teins,[6] two-stage genetic cascade reaction,[7] and production
of enzymes involved in the synthesis of membrane lipids)[8]

have been performed successfully within the environment pro-

vided by liposomes. These studies represent significant steps
toward assembly of an artificial cell. The next crucial step is to
embed a universal property that is possessed by all living sys-
tems, that is, a genetic information replication system that is
capable of conducting the replication reaction based on infor-
mation encoded on its own genome. If such a multicompo-
nent gene replication system in which the information unit
(genotype) and the functional unit that replicates the informa-
tion (phenotype) are encoded on different molecules can be
compartmentalized, for example, by cell membranes, the
system will fulfill the genotype–phenotype linkage and thus
have the potential to evolve. Conversely, evolvability of the
multicomponent gene replication system is maintained as long
as the genetic information is replicated with the self-encoded
enzyme, and such a system does not necessarily have to
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In all living systems, the genome is replicated by proteins that
are encoded within the genome itself. This universal reaction is
essential to allow the system to evolve. Here, we have construct-
ed a simplified system involving encapsulated macromolecules
termed a “self-encoding system”, in which the genetic informa-
tion is replicated by self-encoded replicase in liposomes. That is,
the universal reaction was reconstituted within a microcompart-
ment bound by a lipid bilayer. The system was assembled by
using one template RNA sequence as the information molecule
and an in vitro translation system reconstituted from purified

translation factors as the machinery for decoding the informa-
tion. In this system, the catalytic subunit of Qb replicase is syn-
thesized from the template RNA that encodes the protein. The
replicase then replicates the template RNA that was used for its
production. This in-liposome self-encoding system is one of the
simplest such systems available ; it consists of only 144 gene
products, while the information and the function for its replica-
tion are encoded on different molecules and are compartmental-
ized into the microenvironment for evolvability.
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encode other types of machinery, such as protein and lipid
synthesis systems.

We assembled a simplified genetic replication reaction by
self-encoded replicase in liposomes by using only defined
components: one template RNA sequence as an information
molecule and an in vitro translation system that was recon-
structed from purified translation factors[9] as the machinery for
decoding the information that was encoded on the RNA. While
the compartmentalization of an in vitro translation system by
using water-in-oil emulsions has been reported previously,[10]

we used liposomes, which provide a biologically relevant envi-
ronment. In the in vitro translation system, the b-subunit of Qb

replicase[11] is synthesized from the template RNA that encodes
the protein. The replicase then replicates the template RNA
used for its production. Thus, in this reaction, replicase is gen-
erated through translation of the self-encoded gene; this
mimics current living systems. We designated this as self-en-
coding system. First, we report the kinetic behavior of the self-
encoding system in vitro. Then, we describe expandability, in
which a new functional gene is incorporated into the RNA se-
quence to allow the self-encoding system to exhibit additional
phenotypes (functions). Finally, we report that the self-encod-
ing system can be encapsulated and performed in liposomes.
From the results of detailed statistical and kinetic analyses of
the in-liposome reaction, we concluded that the system was
functioning as designed. This system is one of the simplestACHTUNGTRENNUNGartificial multicomponent self-encoding system composed of
only 144 gene products in which the information unit (geno-
type) and the functional unit that replicates the information
(phenotype) are encoded on different molecules, and impor-
tantly has the potential to evolve by being compartmentalized
in liposomes.

Results

Replication of genetic information with self-encodedACHTUNGTRENNUNGreplicase in vitro

A self-encoding system was assembled by using one RNA as
an information molecule and an in vitro translation systemACHTUNGTRENNUNGreconstructed from purified translation factors[9] as the machi-
nery for decoding the genetic information encoded on the
RNA (Figure 1 A). In the in vitro translation system, all the com-
ponents that were necessary for translation reactions were
supplied individually in a highly purified form.[9] The RNA
(Rep(+) RNA, Figure 1 A) was designed such that the replica-
tion reaction could be catalyzed by the protein that was trans-
lated from its own RNA sequence. For this purpose, the RNA
was designed to fulfill two requirements. First, the RNA was
designed to encode the b-subunit of Qb replicase, an RNA-de-
pendent RNA polymerase responsible for replicating the RNA
genome of coliphage Qb,[11] which can be decoded by the
translational machinery. Qb replicase is a heterotetramer com-
posed of a b-subunit that is encoded on the phage genome
and three host proteins of Escherichia coli : ribosomal pro-
tein S1, elongation factor Tu (EF-Tu), and Ts (EF-Ts). Because all
three host proteins were originally included in the in vitro

translation system as necessary factors for the translation reac-
tion, it is sufficient to provide only the b-subunit to obtain the
production of mature Qb replicase (Figure 1 A).[12] Second, the
RNA was designed to serve as a template for the replicationACHTUNGTRENNUNGreaction by Qb replicase. For this requirement, midivariant-RNA
(MDV-RNA),[13] which is known to act as a template for QbACHTUNGTRENNUNGreplicase, was used as a replication scaffold for the b-subunit
sequence (Figure 1 A).

The time courses after the addition of Rep(+) RNA to the in
vitro translation system is shown in Figure 1 B. Increases in the
concentrations of b-subunit (circles) and the minus-strand of
the template RNA (triangles) were observed. Furthermore, the
plus-strand RNA concentration (squares) increased up to 1.5-
fold after 120 min; this was attributed to the replication re-ACHTUNGTRENNUNGaction of the minus-strand RNA with the translated replicase.
When the same reaction was carried out in the absence of
amino acids (Cys and Thr), neither production of b-subunit and
minus-strand RNA, nor increases in plus-strand concentration
were observed; this indicates the necessity of translation of
the replicase for replication of its own RNA. From these results,
we concluded that the RNA template was able to produce
functional replicase that then effectively replicated itself.

Integration of an additional phenotype into the self-
encoding system

We examined whether the self-encoding system could be ex-
panded to express an additional phenotype. The antisenseACHTUNGTRENNUNGsequence of the b-galactosidase gene (lacZ) was inserted into
the template RNA to construct Rep(+)Gal(�) RNA (Figure 2 A).
This modified RNA was added to the in vitro translation
system in the presence of fluorogenic substrate 5-chlorome-
thylfluorescein di-b-d-galactopyranoside (CMFDG), and b-galac-

Figure 1. Replication of genetic information with self-encoded replicase.
A) Scheme of the replication reaction with self-encoded protein. The tem-
plate RNA (Rep(+) RNA) encoded the b-subunit of Qb replicase within the
sequence of a highly structured RNA (midivariant-RNA (MDV-RNA)[13]), which
is a naturally occurring template for Qb replicase. MDV-RNA provides loop
structures at both ends of the RNA that are required for replication by Qb

replicase.[13b] rbs: ribosome binding site; b-sub. gene: b-subunit of the Qb

replicase gene. B) Time course of the replication reaction with self-encoded
replicase in vitro at 37 8C. The concentrations of synthesized b-subunit (*),
minus-strand RNA (~), and plus-strand RNA (&) as a function of incubation
time. Values represent mean� s.d. from two independent experiments.
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tosidase activity (increase in green fluorescence intensity) was
detected as an additional functionality of the self-encoding
system (Figure 2 B). Furthermore, by comparing the results
with 30 nm or 70 nm Rep(+)Gal(�) RNA (blue circles and blue
diamonds, respectively), the yield of 5-chloromethylfluorescein
(CM-fluorescein) was found to be dependant on the RNA con-
centration, that is, 0.14�0.01 mm CM-fluorescein per nm RNA
at 400 min. Experiments performed in the absence of template
RNA under the same reaction conditions showed only a slight
increase in fluorescence (black squares), this is presumably due
to a minute level of CMFDG hydrolysis activity of some compo-
nent(s) in the translation system. A template RNA that lacks
part of the b-subunit gene (DRep(+)Gal(�) RNA, black trian-
gles) showed a slight fluorescence increase that was similar to
that in the absence of template RNA, but with the assistance
by externally added Qb replicase, it gave rise to a detectable
signal increase (green triangles). These results indicate that
translation of functional replicase was necessary for the addi-
tional functionality. The fluorescence signal with Rep(+)Gal(�)
RNA is produced through a reaction cascade (Figure 2 A):
1) Rep(+)Gal(�) RNA produces the replicase; 2) the replicase
generates the minus-strand from the plus-strand; 3) the minus-
strand is translated into b-galactosidase; 4) b-galactosidase hy-
drolyzes CMFDG. Whereas synthesis of the replicase proceeded
linearly over time (Figure S1 in the Supporting Information),
the fluorescence increased initially in a higher-order reaction
(Figure 2 B, blue circles and blue diamonds). This is the conse-
quence of the reaction cascade in which the rate of fluorescent
molecule production is correlated with the b-galactosidase
concentration, which increases over time. After 350 min, the

ACHTUNGTRENNUNGreaction velocity became nearly constant, that is, the b-galac-
tosidase concentration became constant, presumably due to
inactivation of the translation machinery.[9]

Replication of genetic information with self-encodedACHTUNGTRENNUNGreplicase in liposomes

We investigated whether the self-encoding system carrying b-
galactosidase activity as a phenotype can be embedded in
cell-sized liposomes. Rep(+)Gal(�) RNA and the in vitro trans-ACHTUNGTRENNUNGlation system were encapsulated into liposomes along with
CMFDG. Subsequently, liposomes were diluted with the in
vitro translation system that lacked EF-G, EF-Tu, and EF-Ts to
prevent protein synthesis from occurring outside the lipo-
somes. In this way, osmotic pressure differences that might
cause leakage of the internal components were reduced, and
the biochemical reaction could continue for up to 275 min as
described below. Fluorescence microscopy was used for direct
visualization of the performance of the reaction inside the lipo-
somes (Figure 3 A). The liposomes were clearly outlined by red
fluorescence (Figure 3 A, left), which was derived from the red
fluorescent lipid used as the membrane marker,[14] while green
fluorescence was observed inside the liposomes (Figure 3 A,
middle). Overlaying the images clearly indicated that the re-ACHTUNGTRENNUNGaction occurred inside the liposomes (Figure 3 A, right). Hence,
we have successfully established an in-liposome self-encoding
system in which the information of the replicase is decoded to
replicate itself in cell-size lipid compartments.

Quantitative analysis of the in-liposome self-encoding
system was carried out by using a fluorescence-activated cell
sorter (FACS). Rep(+)Gal(�) RNA and the in vitro translation
system were encapsulated into liposomes along with CMFDG
and R-phycoerythrin (PE).[15] The replication reaction was car-
ried out in liposomes, and the time course was analyzed by
FACS (Figure 3 B), which provided quantitative data for individ-
ual liposomes in the internal aqueous volume (vertical axes)
from the PE red fluorescence[15] and hydrolysis of CMFDG from
green fluorescence intensity (horizontal axes). From the vertical
axis of Figure 3 B, estimated internal volume was found to
range from 1 to 100 fL, which is typical for multilamellar lipo-
somes prepared by the freeze-dry method as described previ-
ously.[15] Furthermore, as shown in Figure 3 B, the distribution
of liposomes moved toward the right over time; this indicates
an increase in the number of fluorescent products that areACHTUNGTRENNUNGencapsulated inside the liposomes. This further evidenced the
synthesis of functional b-galactosidase through the reaction
cascade. The time course data could be used to conduct aACHTUNGTRENNUNGkinetic analysis of the reaction in liposomes (Figure 4 B).

To verify the occurrence of the in-liposome self-encoding re-
action, the histograms (frequency distribution) of product con-
centration in each liposome after 420 min are shown in Fig-
ure 3 C. When Rep(+)Gal(�) RNA was used as a template, two
distinct populations were observed with peaks at 1 and 20 mm,
respectively. On the other hand, a single peak with a value of
0.6 mm was observed in the absence of the RNA or in the pres-
ence of RNA that encodes a defective b-subunit gene,
DRep(+)Gal(�) RNA. Note that because these liposomes

Figure 2. Integration of an additional phenotype into the self-encoding
system. A) Schematic representation of the reaction with an additional phe-
notype that was generated by insertion of the lacZ gene. The Qb replicase
b-subunit was encoded on the plus-strand RNA, and b-galactosidase was en-
coded on the minus-strand RNA (complement of the plus-strand RNA). Non-
fluorescent CMFDG was hydrolyzed by b-galactosidase to yield green fluo-
rescent CM-fluorescein. B) Real-time detection of the increase in green fluo-
rescence intensity. The reactions were carried out at 37 8C by using 70 nm

(^) or 30 nm (*) Rep(+)Gal(�) RNA, DRep(+)Gal(�) RNA (~), or DRep(+)-
Gal(�) RNA supplemented with purified Qb replicase (~) as template RNA
or without template RNA (&).
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cannot produce b-galactosidase, these peaks can be consid-
ered to be background signals. Nevertheless, when Qb repli-
case was encapsulated together with DRep(+)Gal(�) RNA, two
distinct populations appeared as with Rep(+)Gal(�) RNA. As
shown in Figure 2 B, when DRep(+)Gal(�) RNA was supple-
mented with Qb replicase, b-galactosidase was produced, and

thus an increase in fluorescence was observed (Fig-
ure 2 B, green triangles). Therefore, the population
with a peak at 20 mm was Qb replicase dependent.
These results suggested that the population with a
peak at 20 mm, which was obtained with Rep(+)-ACHTUNGTRENNUNGGal(�) RNA was likely to be those that had succeed-
ed in carrying out the gene replication reaction,
whereas the other at around 0.6 to 1 mm was those
that had not. Whereas there were differences in the
background signal (peaks at 0.6 and 1 mm) among
the samples, these differences were very small com-
pared to the populations that contained synthesized
b-galactosidase, and are thus negligible. These re-
sults indicated that within liposomes that exhibit b-
galactosidase activity, the RNA was replicated by the
replicase that was translated from it.

Reaction efficiency of the self-encoding system in
liposomes

In this section, we describe the estimation of the reaction effi-
ciency in liposomes. The reacted liposomes are defined as
those on the right of the dashed lines of Figure 3 B and Fig-
ure S2, reactions with Rep(+)Gal(�) RNA and DRep(+)Gal(�)
RNA that was supplemented with Qb replicase occurred in

Figure 3. Replication of genetic information with self-encoded replicase in liposomes. A) The reaction within the liposomes by using Rep(+)Gal(�) RNA as a
template observed under fluorescence microscopy. Left, red image (membranes) ; middle, green image (hydrolyzed CMFDG); right, overlay of left and middle
images. Scale bar indicates 1 mm. B) Time course of the reaction analyzed by FACS. The results of 15 000 liposomes by using Rep(+)Gal(�) RNA. The results of
FACS analysis of product (horizontal) and internal aqueous volume (vertical) of each liposome are shown. Dots represent the data of individual liposomes.
Contour maps are overlaid. The frequency is depicted in color code. At 350 and 420 min, the number of reacted liposomes defined as those with the CM-fluo-
rescein molecule (MCMF) was MCMF�6036 V0.42 (right of the dashed lines), where V is the liposome internal volume (fL). The results with DRep(+)Gal(�) RNA
supplemented with purified Qb replicase and without template RNA are shown in Figure S2. C) Histogram (frequency distribution) of the CM-fluorescein con-
centration in liposomes after reaction at 37 8C for 420 min with Rep(+)Gal(�) RNA (*), DRep(+)Gal(�) RNA (~), DRep(+)Gal(�) RNA supplemented with puri-
fied Qb replicase (~), or without template RNA (&). Distribution of concentration of CM-fluorescein in individual liposomes was estimated by using Equations
(5) and (6).

Figure 4. Statistical and kinetic analyses of the reaction in liposomes. A) The fractions of
liposomes below the background (i.e. , unreacted) at each liposome internal volume, by
using Rep(+)Gal(�) RNA (blue) or DRep(+)Gal(�)RNA supplemented with purified Qb

replicase (green) at 350 (circles) and 420 min (squares) are shown. The solid line shows
the results of curve fitting with Equation (1) when P(A) = 1 (Supporting Information).
Note that the curve did not differ when P(A)<1. B) Time courses of the reaction in lipo-
somes with different internal volumes and in vitro. Concentration of the product (vertical
axis) in liposomes was calculated as described in the Experimental Section.
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only 13 % and 22 % of liposomes, respectively. Furthermore,
the fractions of unreacted liposomes (Punreact) at 350 and
420 min were dependent on the liposome internal volume
(Figure 4 A). We also found that Punreact did not differ between
350 and 420 min (Figure 4 A). This was attributed to inactiva-
tion of the translation machinery, which has been reported
previously for the in vitro translation system[9] that was used in
this study and also observed in Figure 2 B. Note that this does
not indicate inactivation of b-galactosidase—in fact, b-galacto-
sidase was still functional up to 420 min (Figure 4 B)—but this
means that there is no newly synthesized b-galactosidase after
350 min. It is also important to note that Punreact of DRep(+)-
Gal(�) RNA supplemented with Qb replicase (green) was small-
er than that of Rep(+)Gal(�) RNA (blue) in all liposome internal
volumes (Figure 4 A).

For the gene replication reaction in liposomes to be detect-
ed as b-galactosidase activity, the liposomes should contain
more than one molecule of each of the components necessary
for the cascade reaction. Under such conditions, these compo-
nents should then produce more than one molecule of b-gal-
actosidase from the template RNA. Note that FACS analysis
allows us to detect the presence of a single molecule of b-gal-
actosidase (T. Sunami, K. Hosoda, H. Suzuki, T. Matsuura, T.
Yomo, unpublished results). By assuming that all stochastic
processes are Poisson processes,[16] Punreact can be written as in
Equation 1 (for details see the Supporting Information):

Pnonreact ¼ 1� Preact ¼
e�gV ðPðAÞ ¼ 1Þ

1� ð1� e�gVÞ �
Qn

i¼1

ð1� e�Ci VÞ ðPðAÞ < 1Þ

8
><

>:
ð1Þ

where n is the number of components necessary to be en-
capsulated in liposomes for the reaction, Ci (molecules/fL) is
the average concentration of the i-th component (i = 1, 2,…,
n), V (fL) is the liposome internal volume, P(A) is the probability
of all the components that are necessary for the translation
and the replication reaction being encapsulated in liposomes
with an internal volume V (Supporting Information), and g

(events/fL) is the average frequency of successful replication
reaction per fL. A successful replication reaction is equivalent
to the production of b-galactosidase. Equation (1) suggests
that Punreact is likely to exhibit dependence on the liposome in-
ternal volume, which was in fact the case (Figure 4 A).

We then fit the data (Figure 4 A) with Equation (1) to obtain
the value g. For the fit with Equation (1), we considered Ci to
be a common parameter between the two sets of data (reac-
tion with Rep(+)Gal(�) RNA and DRep(+)Gal(�) RNA supple-
mented with Qb replicase) and g to be a parameter that was
different between the two sets. This was because the reaction
does not require Qb replicase to be encapsulated in the lipo-
somes at the initial stage; instead it is synthesized during the
reaction. Therefore, addition of Qb replicase is unrelated to the
Ci value, but rather can affect the reaction efficiency g by in-
creasing the concentration of the intermediate of the reaction.
By fitting the experimental results by using Equation (1), we
obtained g= 0.014 (events per fL) for the reaction with

Rep(+)Gal(�) RNA, regardless of the value of P(A), and this low
reaction efficiency is the predominant determinant of the sto-
chastic observation found in Figure 4 A (see Supporting Infor-
mation for details). Note that we obtained values of Ci that
were always significantly larger than g (for example, C1 = 191
when n = 1). This observation was consistent with the fact that
sufficiently high concentrations of all components that are re-
quired for the in-liposome self-replication reaction were used
for encapsulation (see Experimental Section).

The value g is equivalent to the number of template RNA
molecules that produced the b-galactosidase because template
RNA is the rate-limiting parameter in this reaction (Figure 2 B).
That is, g represents the number of RNA molecules among the
initially encapsulated RNA per femtoliter that gave rise to the
production of b-galactosidase. Because we used 30 nm (ap-
proximately 20 molecules/fL) RNA as a template for the in-lipo-
some reaction, the g value indicates that only one in 1400 RNA
molecules (0.014/20 = 1/1400) could produce functional b-gal-
actosidase in the liposomes.

Kinetic analysis of in-liposome replication reaction ofACHTUNGTRENNUNGgenetic information with self-encoded replicase

Liposomes provide a reaction environment that is very differ-
ent from that in the test tube because the volume is typically
of the femtoliter order, and the molecules that are encapsulat-

ed in liposomes are in the presence of
millimolar concentrations of lipids.
Therefore, we compared the perfor-
mance of the replication reaction of the
genetic information with self-encoded
replicase between in liposome and in

vitro (that is, in the test tube) systems (Figure 4 B). The reaction
was conducted in liposomes with a wide range of internal vol-
umes (Figure 3 B). To investigate the effects of the volume on
the internal reactions, the time courses of the reaction in lipo-
somes with different volumes were plotted (Figure 4 B). The
time course was obtained by using the median values of the
CM-fluorescein concentration that was obtained for each lipo-
some internal volume (1.2–4.0, 4.0–13, 13–40, 40–130 fL) at dif-
ferent reaction times.

We first found that the reaction proceeds faster in smaller
liposomes (Figure 4 B). By using g= 0.014 (events/fL), the aver-
age number of reactions that occurred in reacted liposomes
(Nv) can be written as in Equation 2:

Nv ¼
gV

1�e�gV
ð2Þ

From Equation (2), the number of reactions that occurred in
liposomes that were smaller than 13 fL was almost 1. There-
fore, the number of b-galactosidase molecules that was pro-
duced should be the same in these liposomes. As a conse-
quence, the same number of CM-fluorescein molecules was
produced, smaller liposomes will give higher concentrations of
CM-fluorescein, and thus faster production of fluorescence was
observed, whereas the reaction kinetics in larger liposomes
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became increasingly similar to those in vitro. These observa-
tions indicated that the in liposome self-encoding system was
functioning as designed.

Thus, the statistical and kinetic properties of the self-encod-
ing system were elucidated based on the fluorescent signal in
liposomes that was measured by FACS. From the results of
statistical analysis, we were able to estimate the reaction effi-
ciency in liposomes. The results of the kinetic analysis indicat-
ed that the reaction proceeded faster in smaller liposomes,
and the reaction kinetics in larger liposomes became increas-
ingly similar to those in vitro; this indicates that our system
was functioning as designed.

Discussion

Since the pioneering work of Spiegelman[13a, 17] and Biebricher
and Eigen[18] that showed the emergence of evolved RNA se-
quences through the RNA replication reaction with Qb repli-
case, externally added purified Qb replicase and its specific
template RNA have been used for in vitro replication as a mini-
mal model of life.[4a, 13a, 17] As opposed to using externally added
replicase for the RNA replication reaction, in the present study
the RNA was replicated by the Qb replicase encoded on the
RNA molecule itself, and can therefore be designated as a self-
encoding system. In this regard, our system is distinct from the
replicating systems that were reported previously.[4a, 13a, 17] En-
capsulation of our self-encoding system in liposomes is essen-
tial for its evolvability, which is one of the basic properties of
living systems.[1] Evolvability requires two processes: genetic
diversification and selection based on phenotype. The Qb repli-
case used here has a high error rate,[19] and thus the self-
encoding system can produce genetic diversity directly. More-
over, compartmentalization by liposomes fulfills the linkageACHTUNGTRENNUNGbetween the genotype and phenotype for selectability. Hence,
this is the first report of an artificial multicomponent gene rep-
lication system with a self-encoded replicase in which theACHTUNGTRENNUNGinformation unit (genotype) and the functional unit that repli-
cates the information (phenotype) are encoded on different
molecules, and importantly has the potential to evolve by
being compartmentalized in liposomes, a biologically relevant
environment. In this regard, our system is distinct from single-
component replication systems that have been reported previ-
ously[17, 20] in which both the genotype and phenotype are en-
coded on the same molecule, which requires the assistance of
an exogenous mutator to produce genetic diversity, but does
not require compartmentalization for genotype–phenotype
linkage.

How many components and how much complexity were re-
quired for the in-liposome self-encoding system? We can pro-
vide the precise number of components in this system: one
RNA sequence, 36 proteins, the ribosome, tRNAs, small chemi-
cal compounds (e.g. , NTPs, amino acids), and three lipids. The
schematic of the system is shown in Figure S3. The total
number of 144 gene products (3 rRNAs,[21] 46 tRNAs,[9] 55 ribo-
somal proteins,[21] 38 proteins for protein synthesis (counting
heterodimers as two[9]), one reporter protein, and one RNA
replicase) is comparable with that of the proposed minimal cel-

lular life (approximately 150), which can grow with only small-
molecule nutrients.[1, 2c] Our system is composed of only theACHTUNGTRENNUNGdefined components, which provides the possibility of modu-
lating the system as desired, and is thus distinct from the self-
encoding system by using bacterial cells.[22]

Therefore, our simplified system might be developed further
by merging with self-replicating liposome technology[4] to add
the basic characteristics of life to our system –- self-mainte-
nance and self-reproduction, that is, duplication of the whole
system[1, 2] –- and simultaneously overcome the limit of our
system that is caused by substrate depletion or system inacti-
vation. These can be achieved by first sorting the liposomes
with a higher reaction efficiency by FACS, and then fusing
these with liposomes that carry components that are necessary
for the reaction (for example, amino acids and proteins), there-
by providing resources, then duplicating the system by divi-
sion. Note that the liposomes that were used in this study
were prepared by the freeze-dry method, which generates
multilamellar vesicles,[15a] and further modification of liposome
preparation might be required to merge our system with the
self-replicating liposome technology. In this way, our system
can be evolved and sustained continuously.

Experimental Section

Chemicals, biological materials, and plasmids : The plasmid pUC-
MDV-LR[13c] was kindly provided by Dr. Y. Inokuchi (Teikyo Universi-
ty). The purified Qb replicase was prepared as described previous-
ly.[12] 1-Palmitoyl-2-oleoyl-sn-phosphatidylcholine (POPC) was pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol
was purchased from Nacalai Tesque(Kyoto, Japan), and distearoyl
phosphatidylethanolamine-polyethylene glycol 5000 (DSPE-
PEG5000) was kindly provided by the NOF Corporation (Tokyo,
Japan). BODIPY-labeled PC (2 a in ref. [14]) was a kind gift from Dr.
Sugawara (University of Tokyo). R-Phycoerythrin (PE) and CMFDG
were purchased from Molecular Probes (Invitrogen). With the ex-
ception of the ribosomal protein S1, the proteins that were used
for the in vitro translation system were purchased from Post
Genome Institute Co., Ltd (Tokyo, Japan). S1 protein was overex-
pressed and purified from E. coli cells as described previously.[23]

Construction of plasmids and preparation of template RNAs :
The plasmid pUC-MDV-LR[13c] contained the sequence of MDV-poly
RNA downstream of the T7 promoter sequence, a SmaI restriction
site at the 3’-end of the MDV-poly sequence, and a BglII site within
the MDV-poly RNA sequence for cloning.[13b] The plasmid pUC-
MDVminus, which contained the complementary MDV-poly se-
quence downstream of the T7 promoter, was constructed by PCR
amplification of the MDV-poly sequence from the plasmid pUC-
MDV-LR, and then ligated between the BamHI and EcoRI restriction
sites of the plasmid pUC-MDV-LR. Plasmids encoding Rep(+) RNA
and its complementary strand were constructed by inserting the
fragment that contained the Qb replicase b-subunit sequence into
the BglII sites of pUC-MDVminus and pUC-MDV-LR, respectively.
These plasmids were then used to generate the standards for
quantitative real-time PCR (RT-QPCR) by in vitro transcription asACHTUNGTRENNUNGdescribed previously.[13b] A plasmid encoding Rep(+)Gal(�) RNA
was constructed as follows. The sequence of lacZ was amplified by
PCR from the plasmid pSV-b-Galactosidase Vector (Promega), and
the amplified product and the Qb replicase b-subunit gene were
inserted into the BglII restrictions site of pUC-MDV-LR. A plasmid
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encoding DRep(+)Gal(�) RNA was constructed by deleting the
126-nt segment between the two SacI sites of the b-subunit gene
of the plasmid that encoded Rep(+)Gal(�) RNA. DNA sequences of
all plasmids were confirmed by DNA sequencing. Template RNAs
were prepared by in vitro transcription as described previously.[13b]

All template RNA sequences are given in Supporting Information.

Preparation of liposomes : Liposomes were prepared by the
freeze-dried empty liposome (FDEL) method as described previous-
ly.[15] Briefly, the lipid mixture (1.2 mmol, mixed with a molar ratio of
POPC /cholesterol / DSPE-PEG5000 = 58:39:3) was dissolved in
CH2Cl2/ Et2O (1:1, v/v) and subjected to rotary evaporation in a
pear-shaped flask under vacuum to yield a thin lipid film. Then de-
ionized H2O (100 mL) was added to the film under argon gas. After
15 min, the lipid film was vortexed to disperse the liposomes. The
liposome dispersion was homogenized on ice by sonication with
an ultrasonic disrupter (Tomy Seiko, Tokyo, Japan) and was extrud-
ed through a polycarbonate filter with a pore size of 0.4 mm (What-
man). The solution was then transferred to a tube and lyophilized
in a freeze dryer (Labconco, Kansas City, MO, USA). The freeze-
dried empty liposomes were stored at 20 8C under argon gas. Lipo-
somes that were prepared by this method had the multilamellar
membrane structures and complex structures as reported previous-
ly.[15a] Liposomes that were observed under fluorescence microsco-
py were prepared with a lipid mixture that contained BODIPY-la-
beled PC (about 1 mol %, compound 2 a in ref. [14]) to visualize the
membrane. Note that liposomes that were used for FACS analysis
did not contain BODIPY-labeled PC, but instead encapsulated R-
phycoerythrin (PE), which was used to estimate the internal
volume of individual liposomes.

Replication of genetic information with the self-encoded repli-
case : The gene replication reaction with self-encoded replicase
was carried out by using template RNA (55 nm) and an in vitro
translation system that had been reconstituted, with incubation at
37 8C. Unless otherwise specified, the standard in vitro translation
systems contained MgACHTUNGTRENNUNG(OAc)2 (13 mm), potassium glutamate
(100 mm), spermidine (2 mm), dithiothreitol (1 mm), ATP (2 mm),
GTP (2 mm), CTP (1 mm), UTP (1 mm), creatine phosphate (20 mm),
48 A260 units of tRNA mix, 10-formyl-5,6,7,8-tetrahydrofolic acid
(10 ng mL�1), each amino acid at 0.3 mm, 2-[4-(2-hydroxyethyl)-1-pi-
perazinyl]ethanesulfonic acid (HEPES) (50 mm, pH 7.6), and enzyme
mix. The enzyme mix contained ribosomes (1.2 mm), IF1 (2.5 mm),
IF2 (0.21 mm), IF3 (0.95 mm), EF-G (3.2 mm), EF-Tu (12 mm), EF-Ts
(8.2 mm), RF1 (0.25 mm), RF2 (0.24 mm), RF3 (0.17 mm), RRF (0.48 mm),
AlaRS (725 nm), ArgRS (31 nm), AsnRS (380 nm), AspRS (127 nm),
CysRS (24 nm), GlnRS (60 nm), GluRS (233 nm), GlyRS (87 nm), HisRS
(8 nm), IleRS (396 nm), LeuRS (42 nm), LysRS (113 nm), MetRS
(27 nm), PheRS (676 nm), ProRS (165 nm), SerRS (39 nm), ThrRS
(85 nm), TrpRS (28 nm), TyrRS (7 nm), ValRS (17 nm), MTF (588 nm),
creatine kinase (0.47 mm), myokinase (0.93 mm), nucleoside-diphos-
phate kinase (1.3 mm), pyrophosphatase (0.62 mm), ribosomal pro-
tein S1 (4.6 mm), and RNasin Plus RNase Inhibitor (1 U mL�1; Prome-
ga). A liposome of a typical size (4 fL) is expected to carry 17 TyrSR
molecules (the minimum among protein components), 28 800 EF-
Tu molecules (the maximum among protein components), 72 RNA
templates, 2880 ribosomes, etc. It is worth noting that all compo-
nents that were required for the reactions were likely to be encap-
sulated into liposomes (>1 fL) as described in the Results section.

For the reaction with additional phenotype that was generated by
insertion of the lacZ gene, the in vitro translation system that isACHTUNGTRENNUNGdescribed above was supplemented with template RNA (30 nm),
CMFDG (100 mm), Alexa Fluor 647 (50 nm ; Invitrogen), and Mg-

ACHTUNGTRENNUNG(OAc)2 (11 mm). When the in vitro translation system was supple-
mented with purified Qb replicase, 25 nm was used.

Reactions in liposomes were carried out as described previously.[15]

Briefly, aliquots (25 mL) of the reaction mixture, which consisted of
the in vitro translation system, CMFDG (100 mm), PE (400 nm), and
template RNA (30 nm), were added to the lyophilized lipids at 4 8C.
Subsequently, the liposomes were diluted with the in vitro transla-
tion system that lacked EF-G, EF-Tu, and EF-Ts to prevent protein
synthesis from occurring outside the liposomes. To initiate the
translation reaction, liposomes were incubated at 37 8C.

Characterization of RNA replication and protein synthesis reac-
tion during the gene replication reaction with self-encoded rep-
licase : Plus and minus-strand RNAs were measured by quantitative
real-time PCR (RT-QPCR). Reverse transcription was performed as
described below. The samples were diluted 10 000-fold with H2O,
heated at 95 8C for 5 min to denature the double-stranded regions,
and mixed with reverse transcriptase (PrimeScript RTase; Takara)
and the primer, 5’-TAA GCG AAT GTT GCG AGC ACC TTG TAT GGT
CCG TAA TCA C or 5’-TAA GCG AAT GTT GCG AGC ACG CTG CAA
CGT AAT ACT ATA C for plus or minus-strand synthesis, respectively.
Reactions were carried out in accordance with the manufacturer’s
instructions. cDNA samples were then diluted 100-fold with H2O
and mixed with qPCR MasterMix (Eurogentec, Seraing, Belgium), a
dual-labeled probe, 5’-FAM-TGC CCT CGT CGG ATC GGT CCT AAT-
BHQ-1 (Sigma), and primers 5’-TAA GCG AAT GTT GCG AGC AC and
5’-TGC CTA AAC AGC TGC AAC GT or 5’-CGC TCT CGG TCC CTT
GTA TG for sense and antisense strand quantification, respectively.
Reactions were carried out in accordance with the manufacturer’s
instructions by using a real-time PCR system (Mx3005P; Strata-
gene). The amount of RNA was measured by using the in-vitro-
transcribed complementary strand as a standard.

The amounts of synthesized proteins were measured by incorpora-
tion of [35S]-methionine during synthesis and measurement of the
band intensity on SDS-PAGE. The band intensity that corresponded
to the replicase b-subunit was quantified from the results of auto-
radiography. The amount of methionine that was incorporated into
the b-subunit was calculated by comparing the band intensity to
those of known concentrations of methionine, and the amount of
synthesized b-subunit could then be calculated.

Reactions in liposomes were analyzed by using a FACSAria cyto-
fluorometer (BD Biosciences, San Jose, CA, USA). The reaction
inside the liposomes was observed by using a Nikon TE2000-PFS
microscope that was equipped with an oil-immersion objective
(Plan Apo 100 � , NA 1.4). Fluorescence images were collected by
using an Andor iXon DV887 EMCCD camera.

Quantitative analysis of the reaction in liposomes : The quantita-
tive data for individual liposomes in the internal aqueous volume
and the hydrolysis of CMFDG were estimated essentially as de-
scribed previously.[15] Briefly, red (FIR-obs) and green (FIG-obs) fluores-
cence, which were derived from PE and CM-fluorescein, respective-
ly, were obtained for individual liposomes by FACS. FIR-obs and FIG-obs

were converted to FIR and FIG by using Equations (3) and (4), where
FIR and FIG are the fluorescence intensities after correcting for the
fluorescence spectra overlap. FIR and FIG were then converted to
liposome internal volume (V (fL)) and amount of CM-fluorescein
(MCMF (molecules)) by using Equations (5) and (6), respectively,
where CPE is the concentration of PE (M).

FIR ¼
FIR-obs�0:25 FIG-obs

1�0:25� 0:005
ð3Þ
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FIG ¼
FIG-obs�0:005 FIR-obs

1�0:25� 0:005
ð4Þ

V ¼ FIR

7� 108 CPE
ð5Þ

MCMF ¼ 35:01 FIG ð6Þ

Time course of the reaction in liposomes : Median values of the
CM-fluorescein concentration were first obtained for each liposome
internal volume (1.2–4.0, 4.0–13, 13–40, 40–130 fL) from the data
that is shown in Figure 3 B, that is, the data after 420 min in which
the translation reaction had stopped primarily due to inactivation
of the translation system (Figure 2 B). The rank in CM-fluorescein
concentration (rank 1 = highest CM-fluorescein concentration) of
the liposomes exhibiting the median value was then obtained.
Then, the CM-fluorescein concentrations of the liposomes of identi-
cal rank to those above were obtained for each liposome internal
volume at different reaction times.
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