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Abstract This article summarizes a contribution pre-

sented at the ESF 2009 Synthetic Biology focused on the

concept of the minimal requirement for life and on the

issue of constructive (synthetic) approaches in biological

research. The attempts to define minimal life within the

framework of autopoietic theory are firstly described, and a

short report on the development of autopoietic chemical

systems based on fatty acid vesicles, which are relevant as

primitive cell models is given. These studies can be used as

a starting point for the construction of more complex sys-

tems, firstly being inspired by possible origins of life sce-

narioes (and therefore by considering primitive functions),

then by considering an approach based on modern bio-

macromolecular-encoded functions. At this aim, semi-

synthetic minimal cells are defined as those man-made

vesicle-based systems that are composed of the minimal

number of genes, proteins, biomolecules and which can be

defined as living. Recent achievements on minimal sized

semi-synthetic cells are then discussed, and the kind of

information obtained is recognized as being distinctively

derived by a constructive approach. Synthetic biology is

therefore a fundamental tool for gaining basic knowledge

about biosystems, and it should not be confined at all to the

engineering side.

Keywords Autopoiesis � Semi-synthetic minimal cells �
Cell-free protein synthesis � Self-reproduction �
Minimal cell size

Introduction

As concisely stated in the first sentence of a recently

published review (Liu and Fletcher 2009), ‘‘we are much

better at taking cells apart than putting them together’’. The

analytical (taking apart) approach, that has been the com-

mon paradigm for biological investigation in the last dec-

ades, is not the only way of gaining knowledge about

organisms. In recent years, thanks to great developments in

biochemical understandings, in molecular and cellular

biology, as well as to a growing (re-discovered) scientific

‘‘holistic’’ perception of biological systems, we have wit-

nessed the birth of synthetic biology (SB). SB aims at

‘‘designing and constructing biological parts, devices, and

systems that do not exist in the natural world and also at the

redesign of existing biological systems to perform specific

tasks’’.

Despite the numerous facets of SB research, what is

distinctive in this new biological discipline is its explicit

reference to a constructive (synthetic) approach, as com-

plementary to the well known analytical one. This con-

sideration, perhaps not fully perceived by the SB

community, represents the truly novel feature of our sci-

entific enterprise for understanding nature and developing

(bio)technological advancements. It may be argued that SB

is an aspect of a more general bio-inspired paradigm shift

that we are going to experience in the next future.

SB projects are interdisciplinary, involving several

aspects, such as bioengineering (genetic- and metabolic-

engineering), modelling, bio-computing, and the con-

struction of synthetic cells for basic studies (origins of life)

or for biotechnological applications (De Lorenzo and

Danchin 2008). From the conceptual viewpoint, it is

interesting to remark that in the bioengineering perspective

there are some typical SB operations on the biosystem and
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its parts that can be tentatively classified as additions,

eliminations, substitutions, combinations, modifications

(change, inversion, minimization, adaptation, etc.). In

constructive approaches the concept and the methodology

of assembling is also central. The functional and structural

integration among the parts is clearly the key factor for the

success of these operations, all of which denote the specific

attitude of synthetic biologists to work with systems

(a discussion on epistemological aspects of SB is provided

by Luisi, submitted article).

In this article, I would like to discuss the investigations

that are carried out by Luisi’s group on a SB approach to

study minimal living cells, in particular primitive cell

models and semi-synthetic cells. Much of the discussion is

therefore not a personal elaboration, but comes from the

group work in the last years.

Autopoiesis is firstly introduced, providing the theoret-

ical framework for the developments of our SB strategies.

Classical studies on vesicle self-reproduction and their

connection with current semi-synthetic constructs are then

quickly reviewed. Finally, a recent specific example is

specifically commented on. The whole discussion follows

the fil rouge of constructive aspects in SB and system

thinking as ways of making science and of complementing

classical approaches.

Autopoiesis and vesicle self-reproduction

The term autopoiesis (self-production) refers to a theory

that describes the behavior of all biological systems, from

cells to organisms. This theory was introduced in the

Seventies by the two Chilean biologists Humberto

R. Maturana and Francisco J. Varela (Maturana and Varela

1980). Within the context of SB and the construction of

synthetic cells, autopoiesis is an extremely powerful con-

ceptual tool to define in general terms what are the struc-

tural and functional requirements of a molecular

biosystems in order to mimic the basic living features of

natural ones. The analysis is particularly simple when we

focus on the lowest complexity level, namely the single

cell. A minimal autopoietic system can be described by the

cartoon shown in Fig. 1. The system (e.g., an autopoietic

cell) can be seen as a self-bounded molecular assembly,

characterized by the following dynamics. Components

from the environment (A, B) are assimilated by the struc-

ture (dashed arrows) and transformed into the components

of the cell (S, M). Together with these transformations,

which are actually anabolic processes, waste material is

produced (Y, W) by catabolic processes. It is possible to

define two main processes: (1) synthesis of the boundary

components (A to S) and self-assembly of S into a semi-

permeable membrane; (2) synthesis of all internal

components (M) at the expenses of B (B to M and W).

Thanks to these two processes, which are actually coupled,

the autopoietic cell: (1) constructs its own boundary; (2)

constructs all other internal components, which in turn give

rise to processes that produce all components, that in turn

give rise to processes … and so on. The functions of the

autopoietic cell are therefore defined recursively according

to a circular logic. Notably, the whole system is out-of-

equilibrium and thermodynamically open, because it exists

only in the act of continuously transforming the nutrients

(A, B) into the waste products (Y, B), and by exploiting the

free energy of this transformation in order to maintain its

internal organization. It is important to remark that, despite

the ceaseless formation and destruction of the elements

(lower hierarchical level) of the autopoietic system, the

whole system (at an higher hierarchical level) maintains its

own identity. The autopoietic cell is a self-organizing

entity where its main features (self-producing, self-

bounding, homeostasis) are emergent properties. Another

important aspect of autopoietic systems, is that in their

description it is not needed to identify a central control

unit, because the property of being autopoietic is not

associated with a particular molecule or function, but stems

from the coordinated and collective system dynamics,

which is also strongly coupled with the environment. Fig-

ure 1 also tells us that depending on the relative rate of

anabolic and catabolic processes, the autopoietic cell can

grow, stays in homeostatic state, or dies, depending on

which aspect of metabolism is prevailing in certain

conditions.

Fig. 1 Schematic drawing of an autopoietic cell. The autopoietic unit

(in gray) is composed of a boundary formed by self-assembly of S,

the boundary-forming compound. S, in turn, is formed from A, which

is available to the autopoietic cell since it is present in the

environment. A permeates in the cell, and it is transformed—by

means of a metabolic network M, into S. S also decay to a waste

product (Y), which does not take part in the autopoietic organization,

and it is released into the environment. In order to be fully self-

producing, the autopoietic cell must also produce (self-produce) the

network M, at the expenses of precursors B and so producing the by

products W. Overall, the autopoietic cell uses ‘‘nutrients’’ A and B,

release waste products Y and W, and keeps its dynamic continuously

out of equilibrium, conserving the organization of the ‘‘whole’’

despite the fact that parts are continuously synthesized and destroyed
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In the first formulation, the concept of autopoiesis was

associated with the concept of being alive (Maturana and

Varela 1980), and autopoiesis was set as necessary and

sufficient condition for life. However, successive consid-

erations have suggested that in order to have a complete

picture of the living state, the notion autopoiesis needs to

be complemented by that of cognition, also developed by

Maturana and Varela—namely the selective interaction

with the environment (Bitbol and Luisi 2004; Damiano

2009).

If we take the autopoiesis as a starting point, we may ask

whether it is possible, and at what extent, to design and

build a chemical or biochemical autopoietic system in the

laboratory. This question, which was discussed in a seminal

paper by Luisi and Varela (1990), is equivalent to saying:

can we build synthetic living systems in the laboratory?

Today, under the perspective of SB, this question becomes

not only timely and fascinating, but also experimentally

approachable, and attracts the interest of scientists and of

laypersons.

In the last 20 years, several works by Luisi and

co-workers have focused on the realization of simple

autopoietic chemical systems. The basic ingredient is a

synthetic compartment that mimics the cell with respect to

size, properties, permeability, and especially boundary self-

assembly. Several compartments have been used to con-

struct autopoietic systems that display the dynamics shown

in Fig. 1, in particular growth. Here a specification is

needed. While autopoiesis means self-production, the

nomenclature used in the context of autopoietic models is

‘‘self-reproduction’’. This is due to the fact that the out-

come of an autopoietic growth resulted in being a copy of

the original structure (see below). Clearly, this tremen-

dously changed the attitude of looking at the autopoietic

approach, which became therefore a theoretical framework

for the construction of self-reproducing chemical systems.

Reverse micelles, micelles and vesicles have been exten-

sively studied in this respect, and detailed overviews on

this work have been recently published (Stano and Luisi

2008; Stano 2009). The main findings of these studies are

reported in Fig. 2. The experiments are realized as follows.

First, a precursor of the boundary-forming molecule is

added externally to pre-existing compartments, typically

fatty acid-based compartments. Fatty acids form micelles,

reverse micelles and vesicles in different conditions, and

moreover have great relevance in origins of life studies,

because fatty acid vesicles are the most plausible candi-

dates for primitive cells. As precursors, fatty acid ethyl and

methyl esters have been used, as well as fatty acid anhy-

drides. These precursors can be transformed into the

boundary forming components by a simple hydrolysis

reaction. During the initial stage, these precursors (P) are

taken up at the boundary by the synthetic compartment,

mimicking the nutrients’ uptake of cells and of autopoietic

model (Fig. 1). Once taken up, the precursor is transformed

into the boundary-forming component (S) at the interface;

in this way the surface of the particle increases. That the

transformation occurs mainly at the interface is proved by

observing the strong rate enhancement of precursor

hydrolysis when the reaction is observed in the absence and

in the presence of pre-formed compartments (Bachmann

et al. 1992; Walde et al. 1994a, b; Blochliger et al. 1998;

Lonchin et al. 1999). As a consequence of surface increase,

it is postulated that the resulting particle reaches a struc-

turally unstable state and divides into two or more daughter

particles. This is the key event of the ‘‘self-reproduction’’.

Such a conclusion is easily demonstrated for micelles and

reverse micelles, whereas it has required special mecha-

nistic investigations for fatty acid vesicles (Berclaz et al.

2001; Rasi et al. 2003; Stano et al. 2006). Studies on the

mechanism of vesicle self-reproduction, however, have not

yet given a unified view of the phenomenon (Chen and

Szostak 2004; Rogerson et al. 2006; Luisi et al. 2008).

Overall, and this is the significant point, the process is

equivalent to self-reproduction, since from one structure,

two or more similar structures are formed, which are able

to reproduce again and again, like living cells. Notice that

self-reproduction is not explicitly present in autopoiesis. It

is a ‘‘by-product’’ of the autopoietic mechanism, possibly

due to the fact that the growing path crosses an unstable

state. In fact, as previously mentioned, when an autopoietic

mechanism runs by favouring the anabolic (constructive)

Fig. 2 General schemes for the self-reproduction of supramolecular

structures. The uptake of a suitable precursor P by the preformed

self-assembled structure brings about the formation of two (or more)

self-assembled structures (not necessarily of the same size). This

mechanism has been studied for micelles (bottom, left), reverse

micelles (bottom, centre), and vesicles (bottom, right; not drawn

to scale)

Synthetic biology of minimal living cells 151

123



processes, the growth of the particle is expected, and not

growth-division.

In the context of synthetic cells, autopoietic self-repro-

duction can be exploited in order to design and construct

compartment-based simple biological systems which

exhibit one of the most important feature of living cells,

namely growth and offspring generation.

From the very beginning (Bachmann et al. 1992), the

relevance of autopoietic self-reproduction for (1) origins of

life and (2) for the laboratory construction of cell models

was recognized (Walde et al. 1994a, b; Oberholzer et al.

1995; Luisi et al. 1999). In both cases, a kind of minimal

metabolism should be implemented within the compart-

ment, in order to mimic as much as possible the autopoietic

unit displayed in Fig. 1. In the next paragraph, it will be

shown what are the strategies for developing these two

approaches, namely how to chose ‘‘S’’ and ‘‘M’’ in the

(1–2) approaches.

Primitive cell models and semi-synthetic minimal cells

Thanks to autopoiesis, we can clearly define what has to be

implemented in a cell model in order to approach the status

of living cells in as much as it is possible. First of all, what

is required is a self-assembling, self-bounding compart-

ment, and two sets of reactions: the production of the

boundary-forming compounds, and the production of

‘‘core’’ compounds, which in turn establish a reaction

network able to produce its own compound, as well as the

boundary molecules. In modern cells this is clearly inte-

grated in the ‘‘metabolism’’, the complex set of reactions

occurring within the cells, that produce its own components

(DNA, RNA, proteins, sugars, ATP, etc.) and phospholip-

ids for building the boundary. The modern cells, however,

derive from millions of years of evolution, and therefore it

is reasonable to think that early cells were not so complex,

yet capable of establishing a kind of autopoiesis. Moreover,

when synthetic cells are considered, it is useful to focus on

minimal cells, namely cells that have the minimal and

sufficient number of components. These two concepts are

somehow related, because they look at the problem of

defining the essential cell model from two different per-

spectives, namely primitiveness and minimization.

Despite the structural diversity of primitive cells and

minimal cells, autopoiesis is a useful theoretical framework

for discussing and understanding all such structures, and

SB is the operational way of gaining knowledge about

these two classes of structures, both unavailable and

therefore not approachable in the analytical (disassem-

bling) paradigm. This viewpoint is illustrated by the term

‘‘chemical synthetic biology’’ (Luisi 2007), which defines

the application of SB to synthesize biological compounds

and biological systems that do not exist in nature, in order

to understand how and why living organisms originate; and

for creating living cells in the laboratory, from non living

compounds (showing that life is indeed an emergent

property). Similarly, in a recent article, Jack W. Szostak

discusses the use of the constructive approach for investi-

gating the emergence of cellular life through the synthesis

of primitive cell model (Mansy and Szostak 2009).

To study primitive cell models, the current approach

focuses on the use of fatty acids as membrane forming

compounds (the ‘‘S’’ of Fig. 1). This is due to the commonly

agreed hypothesis that membranes of primitive cells were

mainly made up of monocarboxylic fatty acids (e.g., with at

least 10 carbon atoms), which have been found in carbona-

ceous meteorites, and which can be also synthesized by

Fisher-Tropsch type synthesis (for recent reviews, see

Deamer and Dworkin 2005; Walde 2006). Less clear is the

choice of elements for the non-membrane components

(the ‘‘M’’ components of Fig. 1). Here two schools can be

identified as oriented to the RNA world (i.e., self-repli-

canting ribozymes, or ribozymes with peptide ligase or

peptide transferase activities, aptamers, etc., see for example

Szostak et al. 2001), or toward a metabolism-first scenarios

(the establishment of a self-reproducing reaction network of

small molecules, and perhaps the first catalytic peptides; for

a general discussion, see Shapiro 2007). Both views have

pros and cons, but both lack extensive experimental inves-

tigations. This is clearly due to the difficulty in defining

pre-biotically plausible compounds, intermediates, and

conditions like pH, temperature, redox regime, and so on.

Investigation about minimal living cells based on well-

known biochemical species shows some differences from

the previous approach, from the theoretical as well as

experimental viewpoints. This is currently under investi-

gation, due to the availability of compounds to be used in

constructing such simplified cells (DNA, RNA, ribosomes,

enzymes, etc.). A full discussion of the topic of minimal

cells lies outside the scope of this short article, the inter-

ested reader can find several reviews on different aspects of

this subject (Morowitz 1992; Pohorille and Deamer 2002;

Luisi et al. 2002, 2006; Foster and Church 2006; Schwille

and Diez 2009).

From the genetic viewpoint, it is possible to define the

minimal cell in terms of minimal genome, i.e., the minimal

number of genes required to ‘‘specify’’ the components of the

minimal cell. Clearly, the genome does not directly contain

the information about the cell assembly and the spatial-

topological architecture, at least not explicitly, and therefore

there is a kind of conceptual limitation in considering the

genome as the minimal and sufficient description of minimal

cells. Nevertheless, it is useful to perform such analysis.

There is a long tradition in comparative genomics with

respect to this problem; one of the latest reports has been
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provided by the group of Moya (Gil et al. 2004). It defines the

minimal cell in terms of 206 genes, classified as follows: (1)

16 genes for DNA processing, (2) 106 genes for RNA pro-

cessing and protein synthesis, (3) 15 genes for protein pro-

cessing, (4) five genes for cell processing, (5) 56 genes for

basic metabolism, (6) eight poorly characterized genes. The

list of genes of minimal genome has been obtained by

comparing the smallest organisms’ genomes, namely intra-

cellular parasites and endosymbionts. A functional genomic

analysis has provided the number 151 for the number of

genes for a minimal cell (Foster and Church 2006). The

hypothetical organism characterized by the minimal genome

is simple when compared with natural living microorgan-

isms, but still represents a challenge for laboratory con-

struction. Moreover, it can be defined as alive only in very

permissive conditions, since in order to simplify the

metabolism, several important low-molecular weight com-

pounds have to be provided by the environment.

The current state of the art experimental research on

minimal cells exploits the convergence of liposome tech-

nology and cell-free technology (Fig. 3). In this scenario,

‘‘S’’ of the Fig. 1 are typically phospholipids, whereas

‘‘M’’ is a sub-set of the cellular genetic and metabolic

compounds (DNA, RNA, proteins). A great improvement

in synthetic cell construction has been achieved by using a

purified kit of 36 enzymes, the PURE system (Shimizu

et al. 2001), that synthesize proteins from the correspond-

ing DNA sequences. By this approach, researchers have

successfully synthesize model proteins (typically the green

fluorescent protein, GFP) inside large or giant liposomes

(Oberholzer et al. 1999; Yu et al. 2001; Oberholzer and

Luisi 2002; Nomura et al. 2003; Saito et al. 2007; Murtas

et al. 2007). This can now be considered a standard

achievement. Recent studies have focused on the quanti-

tative analysis and optimization (Hasoda et al. 2008; Saito

et al. 2009; Amidi et al. 2009).

It is useful to comment here on four of the most

advanced studies in the field of synthetic cells, showing

how SB can be used within this context (Table 1). These

studies aim at developing a more complex cell model, by

focusing not only on the proof-of-principle that a func-

tional protein can be synthesized inside liposomes, but on

implementing some simple functions in the synthetic cell,

as RNA replication, or pore formation, or lipid synthesis.

These functions are required to approach the final goal of

an autopoietic cell (core and shell self-production).

The first study (Ishikawa et al. 2004) remarkably shows

that a two-step genetic network can be functionally

reconstituted inside giant vesicles. In particular, Yomo and

coworkers have prepared a plasmid encoding two genes,

codifying, respectively, for T7 RNA polymerase and GFP.

The first gene is under SP6 promoter, whereas the second

under T7 promoter. By co-entrapping a transcription-

translation extract—supplied with SP6 RNA polymerase—

inside liposomes obtained from the dehydration-rehydra-

tion method, it was demonstrated that T7 RNA polymerase

is firstly synthesized in functional form, thanks to SP6

RNA polymerase and consequent translation. T7 RNA

polymerase—in turn—transcribes the GFP gene into the

messenger, that is then successfully translated into the

fluorescent protein.

The second study (Noireaux and Libchaber 2004)

instead focuses on bypassing the low membrane perme-

ability of synthetic cells. In fact, they were able to show

that if alpha-hemolysin is expressed inside giant vesicles

obtained by the water-in-oil droplets transfer method

(Pautot et al. 2003), a 3 kDa cut-off pore on the membrane

is spontaneously formed. Thanks to this pore, low molec-

ular weight compounds, added externally, can enter the

synthetic cell and be utilized by the internal machinery in

order to produce GFP (from the corresponding gene) for

100 h. The pore may be beneficial in allowing low

molecular-weight by-products to escape the cell.

The third case (Kita et al. 2008) is based on the Qbeta

replicase activity. This enzyme is a RNA-dependent RNA

polymerase, and it is therefore capable of replicating RNA

strands. By careful designing RNA, the Yomo group was

able to show that RNA can be replicated inside large

vesicles obtained by the dehydration-rehydration method

by an in situ expressed Qbeta replicase, which was codified

by the RNA itself. In other words, RNA codifies for the

function (embodied in the enzyme Qbeta replicase) which

is required for its own replication. The complementary

Fig. 3 Semi-synthetic minimal cells are formed by entrapping cell-

free kits inside liposomes (e.g., all molecular parts required to

perform a certain function as protein expression, such as a gene, RNA

polymerase, ribosomes, tRNA, aminoacyl-tRNA-synthase, energy

recycling enzymes, and low molecular weight compounds such as

amino acids, nucleotides triphosphates, cofactors, etc.). Different

methods of liposome formation have been used, and a standard

procedure is not yet available
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RNA strand, in turn, codifies for beta galactosidase, whose

activity was detected by a fluorescent substrate.

The fourth example (Kuruma et al. 2009) deals with the

issue of codified membrane synthesis. We have chosen the

first two enzymes of the lipid salvage pathway to synthesize

lipids from glycerol-3-phosphate and acyl-CoAs. The dif-

ficulty for this study is that the two enzymes required

(glycerol-3-phosphate acyltransferase and lysophosphatidic

acid acyl transferase) are membrane associated (the first is

an integral membrane protein). After careful optimization

of the lipid composition of liposome membrane, the two

enzymes were successfully synthesized in active form, but

the two consecutive reactions which are required to trans-

form glycerol-3-phosphate into phosphatidic acid pro-

ceeded with very low yields, and no morphological changes

could be observed. Despite this limitation, this work reveals

interesting insights into the possibility of expressing func-

tional membrane proteins inside lipid vesicles.

The physically smallest vesicle-based cell model

As a final example of SB approaches to understanding the

nature of cells by a constructive strategy our recent

investigation on the minimal size of synthetic cells is given.

This question is of course related to the origins of cells and

to the concept of above-mentioned minimal genome. The

amount of codifying DNA may be one of the factors that

govern the cell size. In fact, cells as Mycoplasma genita-

lium, which have small genomes, have also smaller sizes

(ca. 0.02 cubic micron), especially when compared with

free-living bacteria (around 2 cubic micron) (Moore 1999).

There have been several speculations on the minimal size

of cells (Knoll et al. 1999) and the announced existence of

nanobacteria (Kajander and Ciftcioglu 1998) appears to be

elusive. In other words, the question of the minimal cell

size is still a matter of debate.

In order to answer the question whether a very small

compartment may sustain cellular life, we have constructed

a liposome-based synthetic cell of minimal size (radius

100 nm) and verified the expression of proteins inside it

(Souza et al. 2009). Clearly, the synthesis of a model

protein is not equivalent to the whole cellular metabolism,

however, as also evident by the minimal genome enu-

meration (Gil et al. 2004), the number of components

involved in such key cellular process is very high and

represent ca. 50% of it. Moreover, to date—it is the only

experimentally practicable way.

In order to construct microcompartments able to host

protein synthesis, we form lipid vesicles in situ, by

injecting a lipid solution (ethanol) in a solution containing

all the molecular components needed to perform the

reaction. The total number of physically independent

macromolecular components is 82 (see Supplementary

Material of Souza et al. 2009). We found that liposomes

with a radius of about 100 nm, which is the smallest size

ever considered in the literature for protein expression, are

still capable of protein expression, and surprisingly, the

average yield of fluorescent protein in the liposomes was

six times higher than in bulk water.

A careful analysis of the entrapment process has

revealed that the probability of co-entrapment of at least

one copy of the 82 macromolecular components is negli-

gible. On the other hand, the expression of GFP inside

small vesicles demonstrates that a small fraction of lipo-

somes actually contain all the requested components,

despite the unfavourable statistics.

This represents a conundrum, that could be explained by

assuming that the local concentration of macromolecules in

the viable vesicles is at least 20 times higher than the

nominal concentration. Further studies are currently

devoted to understanding the reasons for this possible over-

concentration mechanism, and to identify which biophys-

ical factors could play a role.

Concluding remarks

I have shortly discussed a class of SB approaches for

studying primitive cell models and synthetic cells, which

Table 1 Remarkable studies on

the construction of synthetic

cells

Year Description Reference

2004 Two-steps cascade synthesis of T7RNA polymerase and

GFP inside vesicles

Ishikawa et al. 2004

2004 Synthesis of alpha-hemolysin and GFP inside vesicles. Hemolysin

forms a membrane pore that allows external feeding of vesicles

(and therefore GFP production) for 100 h

Noireaux and

Libchaber 2004

2008 Ribosomal synthesis of Qbeta replicase from an RNA template

inside lipid vesicles. Qbeta replicase, in turn, replicates RNA in

autocatalytic fashion

Kita et al. 2008

2009 Synthesis of functional glycerol-3-phosphate acyltransferase and

lysophosphatidic acid acyltransferase (two membrane-associated

enzymes) inside submicrometric liposomes

Kuruma et al. 2009
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have their root in autopoietic theory and is nowadays

developed by several groups. This kind of study has been

recently classified as one of the three pillars of SB (De

Lorenzo and Danchin 2008), witnessing an increasing

interest toward these scientific aspects. Whereas primitive

cell models are useful for understanding the origin and

development of living cells on Earth, the developments of

semi-synthetic cells (Luisi et al. 2006) can provide useful

insights into the nature of cellular life as well as possible

biotechnological applications (Pohorille and Deamer 2002;

Zhang et al. 2008). These can be in advanced drug delivery

(artificial cell factories), biosensoring, and diagnostics.

There are still several limitations to our ability of con-

structing cells, and this enterprise is rather challenging. In

particular, one of the major achievement would be the

demonstration that it is actually possible to create a living

cell in the laboratory. This construct could be based on

primitive cell models or on semi-synthetic ones, it does not

matter. In this context, it is important to specify that the

property of being alive must be viewed according to min-

imal autopoietic requirements, and that even a kind of

‘‘limping’’ life (Luisi et al. 2006) would be satisfactory.

Thanks to the rise of interest in minimal cells, more groups

are now working on this issue and future interesting

advancements appear to be potentially accessible targets.
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Gil R, Silva FJ, Peretó J, Moya A (2004) Determination of the core of

a minimal bacteria gene set. Microbiol Mol Biol Rev 68:

518–537

Hasoda K, Sunami T, Kazuta Y, Matsuura T, Suzuki H, Yomo T

(2008) Quantitative study of the structure of multilamellar giant

liposomes as a container of protein synthesis reaction. Langmuir

24:13540–13548

Ishikawa K, Sato K, Shima Y, Urabe I, Yomo T (2004) Expression of

a cascading genetic network within liposomes. FEBS Lett

576:387–390

Kajander EO, Ciftcioglu N (1998) Nanobacteria: an alternative

mechanism for pathogenic intra- and extracellular calcification

and stone formation. Proc Natl Acad Sci USA 95:8274–8279

Kita H, Matsuura T, Sunami T, Hosoda K, Ichihashi N, Tsukada K,

Urabe I, Yomo T (2008) Replication of genetic information with

self-encoded replicase in liposomes. Chembiochem 9:2403–2410

Knoll A, Osborn MJ, Baross J, Berg HC, Pace NR, Sogin M (eds)

(1999) Size limits of very small microorganisms. National

Academic Press, Washington

Kuruma Y, Stano P, Ueda T, Luisi PL (2009) A synthetic biology

approach to the construction of membrane proteins in semi-

synthetic minimal cells. Biochim Biophys Acta 1788:567–574

Liu AP, Fletcher DA (2009) Biology under construction: in vitro

reconstruction of cellular function. Nature Rev 10:644–650

Lonchin S, Luisi PL, Walde P, Robinson BH (1999) A matrix effect

in mixed phospholipid/fatty acid vesicle formation. J Phys Chem

B 103:10910–10916

Luisi PL (2007) Chemical aspects of synthetic biology. Chem Biodiv

4:603–621

Luisi PL, Varela FJ (1990) Self-replicating micelles–a chemical

version of minimal autopoietic systems. Orig Life Evol Biosph

19:633–643

Luisi PL, Walde P, Oberholzer T (1999) Lipid vesicles as possible

intermediates in the origin of life. Curr Opin Coll Inter Sci 4:33–39

Luisi PL, Oberholzer T, Lazcano A (2002) The notion of a DNA

minimal cell: a general discourse and some guidelines for an

experimental approach. Helv Chim Acta 85:1759–1777

Luisi PL, Ferri F, Stano P (2006) Approaches to semi-synthetic

minimal cells: a review. Naturwissenschaften 93:1–13

Luisi PL, Souza T, Stano P (2008) Vesicle behavior: in search of

explanations. J Phys Chem B 112:14655–14664

Mansy SS, Szostak JW (2009) Reconstructing the emergence of

cellular life through the synthesis of model protocells. Cold

Spring Harbor Symposia on Quantitative Biology, vol. LXXIV,

Cold Spring Harbor Laboratory Press, pp 1–9

Maturana HR, Varela FJ (1980) Autopoiesis and cognition: the

realization of the living. Reidel, Dordrecht

Moore PB (1999) A biophysical chemist’s thoughts on cell size. In:

Knoll A, Osborn MJ, Baross J, Berg HC, Pace NR, Sogin M

(eds) Size limits of very small microorganisms. National

Academic Press, Washington

Morowitz H (1992) Beginnings of cellular life. Metabolism recapit-

ulates biogenesis. Yale University Press, New Haven

Murtas G, Kuruma Y, Bianchini P, Diaspro A, Luisi PL (2007)

Protein synthesis in liposomes with a minimal set of enzymes.

Biochem Biophys Res Comm 363:12–17

Synthetic biology of minimal living cells 155

123

http://dx.doi.org/10.1038/msb4100090


Noireaux V, Libchaber A (2004) A vesicle bioreactor as a step toward

an artificial cell assembly. Proc Natl Acad Sci USA 101:17669–

17674

Nomura SM, Tsumoto K, Hamada T, Akiyoshi K, Nakatani Y,

Yoshikawa K (2003) Gene expression within cell-sized lipid

vesicles. ChemBioChem 4:1172–1175

Oberholzer T, Luisi PL (2002) The use of liposomes for constructing

cell models. J Biol Phys 28:733–744

Oberholzer T, Wick R, Luisi PL, Biebricher CK (1995) Enzymatic

RNA replication in self- reproducing vesicles: an approach to a

minimal cell. Biochem Biophys Res Comm 207:250–257

Oberholzer T, Nierhaus KH, Luisi PL (1999) Protein expression in

liposomes. Biochem Biophys Res Commun 261:238–241

Pautot S, Frisken BJ, Weitz DA (2003) Production of unilamellar

vesicles using an inverted emulsion. Langmuir 19:2870–2879

Pohorille A, Deamer D (2002) Artificial cells: prospects for biotech-

nology. Trends Biotechnol 20:123–128

Rasi S, Mavelli F, Luisi PL (2003) Cooperative micelle binding and

matrix effect in oleate vesicle formation. J Phys Chem B 107:

14068–14076

Rogerson ML, Robinson BH, Bucak S, Walde P (2006) Kinetic

studies of the interaction of fatty acids with phosphatidylcholine

vesicles (liposomes). Colloids Surf B Biointerfaces 48:24–34

Saito H, Yamada A, Ohmori R, Kato Y, Yamanaka T, Yoshikawa K,

Inoue T (2007) Towards constructing synthetic cells: RNA/RNP

evolution and cell-free translational systems in giant liposomes.

In: International symposium on micro-nanomechatronics and

human science, MHS 07, pp 286–291

Saito H, Kato Y, Le Berre M, Yamada A, Inoue T, Yoshikawa K,

Baigl D (2009) Time-resolved tracking of a minimum gene

expression system reconstituted in giant liposomes. ChemBio-

Chem 10:1640–1643

Schwille P, Diez S (2009) Synthetic biology of minimal systems. Crit

Rev Biochem Mol Biol 44:223–242

Shapiro R (2007) A simpler origin for life. Sci Am 296:46–53

Shimizu Y, Inoue A, Tomari Y, Suzuki T, Yokogawa T, Nishikawa K

(2001) Ueda T: cell-free translation reconstituted with purified

components. Nat Biotechnol 19:751–755

Souza T, Stano P, Luisi PL (2009) The minimal size of liposome-

based model cells brings about a remarkably enhanced entrap-

ment and protein synthesis. ChemBioChem 10:1056–1063

Stano P (2009) Self-reproduction of vesicles and other compartments:

a review. In: Birdi KS (ed) CRC handbook of surface and colloid

chemistry, 3rd edn. CRC PRESS, Taylor and Francis Group

LLC, Boca Raton, pp 681–701

Stano P, Luisi PL (2008) Self-reproduction of micelles, reverse

micelles and vesicles. Compartments disclose a general trans-

formation pattern. In: Leitmannova Liu A (ed) Advances on

planar lipid bilayers and liposomes. Elsevier, Amsterdam,

pp 221–263

Stano P, Wehrli E, Luisi PL (2006) Insights on the oleate vesicles

self-reproduction. J Phys Condens Matter 18:S2231–S2238

Szostak JW, Bartel DP, Luisi PL (2001) Synthesizing life. Nature

409:387–390

Walde P (2006) Surfactant assemblies and their various possible roles

for the origin(s) of life. Orig Life Evol Biosph 36:109–150

Walde P, Goto A, Monnard PA, Wessicken M, Luisi PL (1994a)

Oparin’s reactions revisited: enzymatic synthesis of poly(ade-

nylic acid) in micelles and self-reproducing vesicles. J Am Chem

Soc 116:7541–7544

Walde P, Wick R, Fresta M, Mangone A, Luisi PL (1994b)

Autopoietic self-reproduction of fatty acid vesicles. J Am Chem

Soc 116:11649–11654

Yu W, Sato K, Wakabayashi M, Nakatshi T, Ko-Mitamura EP, Shima

Y, Urabe I, Yomo T (2001) Synthesis of functional protein in

liposome. J Biosci Bioeng 92:590–593

Zhang Y, Ruder WC, LeDuc PR (2008) Artificial cells: building

bioinspired systems using small-scale biology. TRENDS Bio-

technol 26:14–20

156 P. Stano

123


	Synthetic biology of minimal living cells: primitive cell models and semi-synthetic cells
	Abstract
	Introduction
	Autopoiesis and vesicle self-reproduction
	Primitive cell models and semi-synthetic minimal cells
	The physically smallest vesicle-based cell model
	Concluding remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


