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The construction of a protocell from a materials point of view is important in understanding the origin of life. Both self-
reproduction of a compartment and self-replication of an informational substance have been studied extensively, but these
processes have typically been carried out independently, rather than linked to one another. Here, we demonstrate the
amplification of DNA (encapsulated guest) within a self-reproducible cationic giant vesicle (host). With the addition of a
vesicular membrane precursor, we observe the growth and spontaneous division of the giant vesicles, accompanied by
distribution of the DNA to the daughter giant vesicles. In particular, amplification of the DNA accelerated the division of
the giant vesicles. This means that self-replication of an informational substance has been linked to self-reproduction of a
compartment through the interplay between polyanionic DNA and the cationic vesicular membrane. Our self-reproducing
giant vesicle system therefore represents a step forward in the construction of an advanced model protocell.

T
he exploration of the origin of life is one of the most challenging
scientific endeavours of this century and is being pursued
using a variety of different approaches1–3. Model protocells

in particular (defined as hypothetical pre-biological precursors of
cells4,5) are expected to play a significant role in advancing our under-
standing6–8. In an article entitled ‘Synthesizing life’, Szostak et al.9

identify the three critical components of a model protocell as
being an informational substance10 (such as RNA or DNA), a
catalyst11 (for example, an enzyme) and a compartment12 (such as a
vesicle). They also stress that the model protocell should self-reproduce
the compartment and self-replicate the informational substance.

One approach to the construction of a model protocell is to use
prebiotic materials such as fatty acids13,14 and nucleotides15,16. The
synthesis of oligonucleotides in a vesicle has also been extensively
studied17–20. Thus far, however, self-replication of an informational
substance (RNA or DNA) in a compartment and self-reproduction
of the compartment (vesicle) have occurred independently. The
second approach, known as a semi-synthetic approach1,21,22, is
based on the molecular assembly of biochemical components
such as enzymes23, DNA genes24 and RNA25 that have been purified
from a living cell. In a pioneering investigation, Oberholzer et al.26

constructed a model protocell consisting of RNA, a viral RNA
polymerase (Qb-replicase), and an oleate/oleic acid small vesicle
(diameter , 100 nm). The third approach, called a supramolecular
approach27–30, targets a model protocell in which the key issue is
how to realize self-reproductive dynamics of artificial lipids that
interact with amplifying informational substances (DNA or RNA)
in a vesicle. For example, we have recently reported the construction
of self-reproducing giant vesicles (GVs, diameter .1 mm) composed
of an artificial cationic membrane molecule and its precursor31–35. In
these studies, a membrane precursor was first added to a dispersion
of GVs bearing an amphiphilic catalyst. The precursor was con-
verted to membrane molecules within the GV, which subsequently

grew and divided into daughter GVs. In other experiments, we have
also achieved polymerase chain reaction (PCR) amplification of a
1.2 kb DNA fragment within a phospholipid GV36.

In this Article, we describe the construction of an advanced
model protocell that links the process of self-replication of the
informational substance with the self-reproduction of the vesicle
compartment, as shown in Fig. 1a,b. We selected DNA as the infor-
mational substance because it is more robust than RNA. Including a
cationic membrane molecule in the vesicular membranes enabled us
to induce electrostatic interactions between the positively charged
membrane of the GV (host) and the amplified polyanionic DNA
(encapsulated guest). It was found that the GVs in which DNA is
successfully amplified by PCR grow and divide notably faster than
those in which DNA amplification is not observed. Our findings
suggest that the processes of DNA amplification and the growth
and division of GVs are chemically linked in our model protocell
(Fig. 1). Our model protocell is therefore, albeit at a fundamental
level, relevant to the chemoton model proposed by Gánti37.

Results and discussion
Self-reproducing GVs with encapsulated DNA. For a model
protocell to be achieved, the daughter GVs obtained by the self-
reproducing process of an original GV must contain the
informational substance (here, DNA). This means that the
informational substance must be amplified before the GV divides. To
amplify the DNA in the self-reproducing GV, we used PCR, because
it requires DNA polymerase as the sole protein. For successful
amplification of DNA, GVs must have sufficient space for an
enzymatic reaction, and must be resistant to a highly ionic medium
and high temperature. In addition, the surface charge of the
membrane should not interfere with the activity of enzymes in the GV.

The addition of a zwitterionic phospholipid (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine, POPC) to our previously
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studied myelin-type GVs composed of a positively charged
membrane molecule V33–35 (Fig. 1c) enabled the construction of a
hollow GV with an inner cavity filled with water. An anionic
phospholipid (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol,
POPG) was added in an amount equimolar to the cationic V to
reduce the surface charge. The addition of POPG was also effective
in producing GVs that were stable at high temperatures and also
under conditions of high ionic strength (Supplementary Section
S3 and Figs S1 and S2). The optimized molar ratio of our hybrid
membrane, including the amphiphilic acidic catalyst C with an
imidazolium head group, was 6:2:2:1 [POPC:POPG:V:C]
(Supplementary Table S1).

To prepare the GVs, the thin lipid films made of the amphiphiles
described above were swollen with a PCR solution containing a
1,229-base pair (bp) template DNA (Supplementary Table S2a).
We added deoxyribonuclease I (DNase I) to the bulk water
phase to digest template DNA remaining outside of the GVs so
that amplification of DNA would only occur within the GV
(Supplementary Table S2b). We noticed that the extrusion
method (see Methods) reorganized initially formed GVs of a
myelin-type GV to GV with a sufficient inner volume. Thus we
adopted this method to produce GVs within which enzymatic reac-
tions were able to proceed. By observing samples under a micro-
scope, we confirmed the presence of GVs with a diameter of
�10 mm. Because GVs with diameters of 10 mm statistically
contain 30 DNA templates under these conditions36, DNA

amplification in these GVs is expected to proceed
smoothly, although the validity of the statistical estimation is some-
times argued38.

Amplification of DNA encapsulated within the GVs. Amplification
of the DNA was conducted within the GVs using two-step
thermal cycling conditions36, and detected by fluorescence emitted
from a double-stranded DNA–SYBR Green I complex (dsDNA–
SG complex)39 when SG was introduced within the GVs. Intense
fluorescence was observed only after the amplification process
(Fig. 2a). We confirmed, using gel electrophoresis, that the length
of the amplified DNA was the same as that of the template DNA
(Supplementary Section S4 and Fig. S3).

We used flow cytometric analysis to estimate the ratio of GVs
with encapsulated amplified DNA (DNA-amplified GVs) to the
total number of GVs (Fig. 2b, Supplementary Section S5). The
shape of the histogram of fluorescence intensity before PCR is sym-
metrical, with a maximum frequency centred at 60 along the
fluorescence intensity axis (arbitrary units) (Fig. 2b). After PCR,
the histogram is asymmetrical, and deconvolution of the histogram
revealed the appearance of a new group of GVs displaying a
maximum frequency at a fluorescence intensity of �200. Population
analysis revealed that the DNA-amplified GVs represented �20%
of the total number of GVs. Judging from the increase in fluor-
escence intensity after PCR, it was estimated that the amount of
DNA increased by a factor of �1 × 102 for 10-mm-sized giant
vesicles, which was reasonable when the molar ratio (�1 × 106) of
deoxyribonucleoside triphosphates (dNTPs) to 1,229-bp template
DNA was taken into account. Oberholzer et al. described amplifica-
tion using a dispersion of small to large vesicles (SV/LVs, where LVs
have average diameters of ,200 nm)18, but the percentage of SV/LV
with encapsulated amplified DNA (DNA-amplified SV/LV) was
less than 0.1% owing to the low probability of encapsulation of
the DNA template (369 bp) into SV/LVs. The ratio of DNA-ampli-
fied GV to the total number of GVs was crucially higher than that of
the DNA-amplified SV/LV reported in the previous work. This
difference is most likely the result of differences in the efficiency
of entrapment of the PCR reagents owing to the large inner
volume of GVs compared with SV/LVs18.

Self-reproduction of DNA-amplified GVs. We observed the
DNA-amplified GVs performing the self-reproduction process
following the addition of the bolaamphiphilic40 membrane
precursor V* (Fig. 1c) using differential interference contrast
microscopy and fluorescence microscopy at a real-time speed
(Fig. 2c, see Methods). The growth and morphological changes of
the GVs occurred within 4 min of the addition of V*, and serial
divisions of DNA-amplified GVs produced multiple GVs within
15 min. The daughter GVs were almost the same size as the
mother GV (Supplementary Section S6 and Movie). Moreover, the
effective partitioning of the amplified DNA to the daughter GVs
was achieved owing to the presence of cationic membrane
molecules, as revealed by the fluorescence microscopic images of
the daughter GVs (Fig. 2c, bottom). To clarify the role of amplified
DNA in GV self-reproduction, we performed two negative control
experiments. When they were not subject to any thermal cycle, the
GVs rarely divided within the 2 h time period of the experiment
(Supplementary Section S7, Control Experiment A). When GVs
were subjected to thermal cycling without DNA polymerase, 9 of
100 GVs underwent division only once within the same time
period (Supplementary Section S7, Control Experiment B). Taken
together, these findings suggest that amplified DNA is essential for
inducing rapid growth and division of the GVs.

If equivolume division of a GV occurs with a sufficient amount
of DNA, two daughter GVs will be produced that each contain half
of the original amount of DNA. This explains the decrease in the
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Figure 1 | Schematic representation of the chemical link between

amplification of DNA and self-reproduction of GVs. a, Amplification of

DNA within a GV. An aqueous dispersion of GVs containing PCR

reagents was prepared using a film-swelling method with a buffered

solution containing template DNA, primers, fluorescent tag SYBR Green I,

deoxynucleoside triphosphates, DNA polymerase and Mg2þ. b, Vesicular

self-reproduction induced by adding membrane precursor V*. Addition of V*

produces membrane molecules and electrolytes through hydrolysis assisted

by an amphiphilic catalyst. Adhesion of the amplified DNA to the inner

leaflet accelerates vesicular growth and division. c, Chemical structures of

membrane molecule V, amphiphile catalyst C and membrane precursor V*.
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number of GVs with a sufficient amount of DNA, as revealed by
flow cytometric analysis (Supplementary Section S8 and Fig. S6).
Under the microscope, we unambiguously observed that the
partition of DNA associated with the GV self-reproduction is a
ubiquitous event after the addition of the membrane precursor.

Influence of amplified DNA on GV division. The frequency of GV
division in the presence of amplified DNA was notably higher than
that of GVs in the absence of amplified DNA. A control experiment

revealed that the effect of the temperature of thermal cycling on the
division of GV is negligible (Supplementary Section S7, Control
Experiment B). We therefore hypothesize that the division of GVs
is driven by DNA adhering to the inner membrane surface. A
straightforward control experiment would be the preparation of
GVs containing different amounts of DNA in an inner water
pool, and comparing the rate of growth and division caused by
the addition of V*. However, when a thin film of lipids was
swollen by a buffered solution of DNA, the cationic membrane
and polyanionic DNA formed a lipoplex41 and no GVs were
formed. Alternatively, the amount of DNA of DNA-amplified
GVs is expected to vary according to the number of thermal
cycles. We expect that the frequency of GV division will also vary,
thus providing support for the dependence of GV division on
amplified DNA.

We therefore investigated the effect of the number of thermal
cycles, and hence of the amount of amplified DNA, on the frequency
of GV division by using a flow cytometric study in which the GV
membrane was stained with an amphiphilic fluorescent probe
(Rhod-DOPE) (Fig. 3a,b). Because the ratio of Rhod-DOPE to
lipids was only 0.01 mol%, the effect of the probe on the size and
lamellarity of the GVs and on the amplified DNA within the GVs
should be negligible. We postulated that the amount of fluorescent
probe in vesicular membranes per GV must decrease according to
the number of divisions. Provided that the lamellarity of the GVs is
consistent, the size should be proportional to the number of
membrane molecules and thus the amount of fluorescent probe.
Then the decrease in fluorescence intensity of membrane-stained
GVs must be related to the division frequency of DNA-amplified
GV, as schematically shown in Fig. 3a. Because we traced the self-
reproduction dynamics of large GVs under an optical microscope,
we focused on the decrease in the number of �10-mm-sized large
GVs, the fluorescence intensity of which was 1 × 103 (arbitrary
unit) on the basis of calibration using filtering experiments34,35.
This selection is reasonable, because the lamellarity of 10-mm-sized
large GVs is reduced for the enzymatic activity, and the smaller
GVs with high lamellarity pass through the mesh of the filter. As a
result, effective GV divisions were observed only for large GVs.

Time courses for the number of GVs showing a fluorescence
intensity of 1 × 103 after the addition of V* are plotted in Fig. 3c,
where plots A, B and C show data for GVs subjected to 20, 15
and 10 thermal cycles, respectively. Plot A shows that with 20
thermal cycles, the number of such GVs decreased rapidly. Plot C
shows that after 10 thermal cycles, 20% of the GVs disappeared
rapidly, and the remaining 80% were unchanged. Plot B shows
that when the GVs were subjected to 15 thermal cycles, �80% of
them decreased gradually, and the decay of the remaining 20%
was even slower. It is claimed that enzymatic performance within
a GV depends on the GV having sufficient inner volume. If the
lamellarity of the GV membrane is low and if sufficient PCR
reagents are encapsulated within the inner cavity, one can expect
that the efficiency of amplification is optimal and a sufficient
amount of DNA is produced in some of the GVs, even after 10
thermal cycles. If the template DNA and polymerase become encap-
sulated into different compartments in a GV, it is possible that the
efficiency of amplification is decreased. Because the pseudo-first-
order rate constants of GVs subjected to 20 and 0 thermal cycles
are k20¼ 3 × 1021 min21 and k0¼ 5 × 1023 min21, respectively,
the ratio of decay rates is �60:1 for the two types of GVs. This
ratio is in good agreement with the frequency of division deter-
mined by optical microscopy. GVs subjected to 20 thermal cycles
divided within 2–3 min, whereas GVs that were not subjected to
any thermal cycle divided once in 120 min.

Mechanism underlying GV growth and division. Our findings
suggest that the growth-and-division process of the GVs is driven
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Figure 2 | Amplification of DNA inside GVs and growth-and-division

of DNA-amplified GVs. a, Microscopic images of a DNA-amplified GV

before and after DNA amplification: (top) differential interference contrast

microscopic images; (bottom) fluorescence microscopic images visualized

due to the dsDNA–SG complex inside the GV. Scale bars, 10 mm. Samples

were obtained by extruding suspended swollen GVs 20 times through a

polycarbonate membrane filter (diameter, 12mm). b, Histograms of

fluorescence intensity (constructed using flow cytometry) of GVs before

and after DNA amplification. The fluorescence histogram shifted to a higher

intensity after amplification compared to before. c, Real-time observation of

morphological changes of DNA-amplified GVs after addition of V*. Original

GVs began to grow and divide 4 min after adding V*. Complete division into

four GVs occurred at 5.5 min, and separation occurred at 7 min (top panels).

Partition of DNA was detected using fluorescence microscopy (bottom

panels). Scale bars, 10 mm.
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by the presence of amplified DNA. Angelova and co-workers42,43

reported that rapid fission of positively charged GVs occurs
when they are exposed to a DNA solution because of the strong
interaction between these oppositely charged substances. In
contrast, we found that the amount of DNA within the GV cavity
increased with PCR thermal cycling when starting with a small
amount of template DNA (�30 molecules in a 10-mm-sized
GV)36. We assume that some of the DNA molecules, the amount
of which increased during thermal cycling, adhere to the inner
surface of the vesicular membrane (Fig. 4a,b, right). It appears
that DNA adhesion occurs because of the accumulation of
cationic V molecules within the inner leaflet of the lipid bilayer
and because these molecules cover the DNA (Fig. 4b,c). The
existence of buried dsDNA in the outer vesicular membrane was
confirmed in a fluorescence microscopic image showing that not
only the inside but also the periphery of the DNA-amplified GV
fluoresced owing to the presence of dsDNA–SYBR Green I
complex (Supplementary Section S9, Fig. S7). This observation is
supported by a previous study in which polyanionic DNA was
shown to form a lipoplex with cationic membranes41. The
accumulation of V around DNA, which occurred in the inner
leaflet of the outer membrane, results in an imbalance in the
number of membrane molecules between the inner and outer
leaflets. This imbalance might lead to pre-organization for the
budding-type deformation of GV (Fig. 4d).

The membrane precursor V* can incorporate within the vesicular
membrane from either side of the polar head groups: from the head
group of the membrane side (Hm) or from the head group of the
electrolyte side (He) (Fig. 4a). This means that when the membrane
molecule V is formed from V* in the vicinity of the buried DNA, the

number of V in both the inner and outer leaflets is increased without
flip-flop motions33–35, depending on the direction of its head
group. V* can penetrate the inner membranes unless it is hydrolysed
by C in the outer membrane. This characteristic behaviour of V* is
advantageous for the rapid growth and division of DNA-amplified
GVs into daughter GVs.

We revealed that GV division induced by cationic V* is very slow
in the absence of amplified encapsulated DNA (Supplementary
Section S7). Figure 4e shows a GV without amplified DNA. In
this case, dissolved V* in the vesicular membrane may diffuse
freely into the outer water phase before being hydrolysed by C. In
contrast, in the case of a DNA-amplified GV, some of the amplified
DNA is buried between two leaflets of the outer membrane. Hence
the chance for cationic V* to be trapped by the DNA becomes high
in the vicinity of DNA compared with the rest of the outer mem-
brane (Fig. 4d). As a result, the membrane precursor V* is efficiently
hydrolysed to produce the membrane molecule V by the catalytic
activity of C, which diffuses laterally in the vesicular membrane,
although the proposed mechanism for the assistance of DNA in
the growth and division of GV is still at a speculative stage.

It is interesting to compare the mechanism of GV division and par-
titioning of amplified DNA in our GV-based model protocell with that
of a prokaryotic cell. In a prokaryotic cell such as E. coli, specific nucleo-
tide sequences (oriCs) on the chromosome bind to the cell membrane
early in the replication of the chromosome, assisted by a protein
complex44. Thereafter, the cell membrane between the two connected
points elongates and becomes squeezed, and the genomic DNA
becomes equally distributed between the two daughter cells. Thus, in
a prokaryotic cell, specific proteins mediate the separation of DNA
and the division of the cellular membrane. In our protocell, the
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amplified DNA is partitioned by the collaborative dynamics of DNA,
cationic membrane molecules V and bolaamphiphilic membrane
precursor V*, and not by specific proteins. Natural cells replicate
their genomes by physically connecting the DNA with the membrane
through the mediation of proteins. In contrast, our model protocell
shows that a similar but non-protein-mediated DNA–membrane
interaction operates and can drive GV division. The result suggests
that prebiotic processes used such natural interactions, which were
later strengthened or better controlled with proteins.

Conclusions
In our self-reproducing GVs, amplified DNA interacts with the
vesicular membrane and induces a morphological change in the

host GV. These processes not only lead to the growth and division
of GVs, but also to the partitioning of the amplified DNA into the
daughter GVs. Therefore, in this supramolecular approach, amplifi-
cation of an information substance (DNA) and self-reproduction of
a compartment (GV) are linked chemically.

The drawback of the present system is that self-reproduction is
limited. This is because the composition of the membrane mol-
ecules gradually changes as the number of self-reproducing vesicles
increases: the percentage of phospholipids decreases and this is
accompanied by an increase in the level of cationic artificial mem-
brane molecules. If phospholipids and nucleotides could be con-
veyed into our protocell with a molecular transportation system,
such as vesicular fusion45,46, then our self-reproducing vesicular
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Figure 4 | Effect of amplified encapsulated DNA on the dynamics of self-reproducing GVs. a, DNA adhesion onto the inner surface of the outer vesicular

membrane (side view along the DNA chain), including an acidic amphiphilic catalyst C. A schematic structure of bolaamphiphilic membrane precursor V*

with two polar head groups (Hm and He) is also depicted: polar groups are represented by red þ and blue 2 signs. b, DNA adhesion onto the membrane

(side view). Cationic V covers the surface of polyanionic DNA. c, DNA is fully covered with cationic V and buried between the inner and outer leaflets,

causing an imbalance in the number of V molecules between the inner and outer leaflets. d, Bolaamphiphilic membrane precursor V* is captured by the

buried DNA and then hydrolysed by catalyst C. V molecules increase the number of outer or inner leaflets of the vesicular membranes, depending on the

direction of dissolution (Hm-top or He-top) of V*. e, In contrast, if V* dissolves in a vesicular membrane containing no amplified DNA, V* is likely to diffuse

to the outer water phase without being hydrolysed by catalyst C.
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system should continue dividing, and this might eventually lead to
the development of protocells to which natural selection could
be applied.

Methods
PCR solution. The PCR solution (1 ml) contained water (600 ml), PCR buffer
solution (10× KOD Plus buffer, 100 ml), MgSO4(aq) (25 mM, 40 ml), poly(ethylene
glycol)aq (12.5 wt%, 80 ml), dNTP mix (2 mM each dNTP in TE buffer, 80 ml),
24-mer primer (10 mM, 30 ml), 22-mer primer (10 mM, 30 ml), 1,229-bp DNA
template (10 nM, 10 ml), 1 × SYBR Green I dye (commercial product diluted
10,000× in TE buffer, 10 ml) and KOD Plus polymerase (1 U ml21, 20 ml). The
TE buffer was a dispersion of 10 mM Tris-HCl buffer containing 1 mM EDTA
(Tris¼ 2-amino-2-hydroxymethylpropane-1,3-diol; EDTA¼
ethylenediaminetetraacetic acid).

Preparation of giant vesicles. Stock solutions of POPC (10 mM, 60 ml), POPG
(10 mM, 20 ml), V (10 mM, 20 ml) and C (10 mM, 10 ml) in CHCl3 were mixed in
a test tube. The solvent was evaporated under a flow of nitrogen. Under these
conditions, thin lipid films formed on the inner surface of the test tube. The
remaining CHCl3 in the glass tube was removed under reduced pressure over a
period of 2 h. Addition of the PCR solution (1 ml) to this lipid film, followed by
vortex mixing (5–10 s), resulted in the formation of a GV dispersion with a total
lipid concentration of 2 mM. This GV dispersion was passed 20 times through a
syringe with a 12 mm pore membrane filter. The GVs containing the template
DNA were subjected to amplification in a thermal cycler (iCycler, Bio-Rad
Laboratories Japan).

Protocol of thermal cycling. The GV dispersion was treated with a thermal cycler
under the following thermal conditions: 94 8C for 2 min (94 8C for 15 s and 68 8C
for 90 s) for 20 cycles (the lid of the PCR tube was heated to 105 8C). After the
thermal cycles had been performed, the dispersion was slowly cooled to
room temperature.

Microscopic observation. A specimen for microscopic observations was prepared
as follows. The vesicular dispersion was placed between two plates of cover glass
with a spacer (17 × 28 mm, 0.3 mm thick; Frame Seal Chamber, MJ Research)
adhered to the cover-glass plates. Difference interference contrast and fluorescence
microscopic images of the GVs were obtained with an optical microscope (IX 70,
Olympus) equipped with a ×20 objective lens and a filter set (lex, 460–490 nm;
lem, 510–550 nm). To observe vesicular dynamics, a dispersion of the membrane
precursor V* (2 mM) was prepared by dissolving powdered V* in a PCR buffer
solution with sonication for 5 min. This dispersion was passed through a
polycarbonate filter (pore size, 200 nm). The resulting dispersion of V* was mixed
with an equimolar dispersion of GVs containing amplified DNA before observation
under a microscope.

Detection of amplified DNA. Polyacrylamide gel electrophoresis of GVs containing
amplified DNA was performed after lipids and enzymes were removed from the
buffered solution containing the PCR product by treatment with TE buffer solution
(150 ml) saturated with phenol-chloroform-iso-amylalcohol (25:24:1, v/v/v)
(Supplementary Section S4).

Flow cytometry. Population analysis of DNA-amplified GVs was conducted using a
fluorescence-activated flow cytometer (EPICS ALTRA Hyper Sort Type3, Beckman
Coulter), equipped with an Arþ laser (excitation at 488 nm) to assay the GVs
containing amplified DNA. Population analysis of GVs stained with Rhod-DOPE
was conducted with the flow cytometer used to assay the GVs containing amplified
DNA. Stock CHCl3 solutions of POPC (10 mM, 60 ml), POPG (10 mM, 20 ml), V
(10 mM, 20 ml), C (10 mM, 10 ml) and Rhod-DOPE (1 mM, 1 ml) were mixed in a
test tube. Rhod-DOPE was incorporated into the GVs at an initial mole percentage
of 0.01 mol%. The remaining CHCl3 in the tube was removed under reduced
pressure over a period of 2 h.
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