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The staggering complexity of even the simplest living microorganisms on Earth elicits the question of
whether such complexity is really necessary for life, or whether, instead, the basic functions of cellular life
(homeostasis, reproduction, and evolution) can be, in principle, expressed by much simpler unicellular entities
that contain only a few dozen genes. This suggests the notion of a minimal cell, i.e., the (potential) cell having the
minimal sufficient molecular components to be defined as alive. The conceptual and practical implementation of
such minimal cell(s) for our understanding of the notion of life, and also for possible biotechnological
applications, is discussed here.

Introduction. — As is well known, even the simplest unicellular organisms on Earth
display today a staggering complexity. Escherichia coli K-12 has a genome size of ca.
4.64 Mio base pairs [1] and Bacillus subtilis of 4.2 Mio base pairs [2], to give examples
of well-known Gram-negative and Gram-positive eubacteria, respectively. The
moderately halophilic eubacteria Halomonas halophila is endowed with the smallest
known genome (1.45 Mio base pairs) of a free-living eubacteria [3], while the simplest
known prokaryotic cell, the obligate cellular wall-less parasite Mycoplasma genitalium,
has a genome size of 580074 base pairs, and contains 517 genes with only 470 predicted
coding regions [4]. A report from Douglas et al. refers to the nucleomorph
chromosomes from the cryptomonad Guillardia that has a 551 kb genome [5], and,
according to Moya and co-workers [6][7], Buchnera species have even smaller
genomes that can be reduced down to 450 kb. Aside from the actual value of the
minimal extant genome, the question here is whether such complexity is a necessary
attribute of cellular life, or whether, instead, cellular life could, in principle, also be
possible with a much lower number of molecular components.

What would a minimal cell look like, i.e., a cell that contains the minimal and
sufficient number of components to perform the basic functions of cellular life? (Here,
for the sake of simplicity, we will define cellular life as the capability to display three
main properties: metabolic homeostasis, reproduction, and evolution). This question is
interesting from the conceptual point of view, i.e., for defining and understanding the
logics of cellular life, and is also germane to the issue of the origin of life. In fact, in this
field, it is generally accepted that the extant cellular complexity is the outcome of a
lengthy process of evolution, in which intermediates were primordial cells that must
have been genetically much simpler. How simple were these constructs at the time
when they started to display the properties of cellular life? Moreover, the question of
‘minimal cells’ is potentially important also from view of biotechnology.
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How can one approach the question of the structure of these simpler cells? Here,
we will proceed by way of ‘Gedankenexperimenten’, i.e., imagening cells at decreasing
degrees of complexity, so as to arrive, eventually, at the minimal cell, i.e., at a situation
characterized by the minimal possible genetic complexity compatible with cellular life.
It is clear that this notion of a minimal cell cannot be sharply and univocally defined. As
summarized in the proceedings of a recent workshop [8], different chimeric minimal
cells can be conceived, depending upon the working hypothesis and theoretical bias.
Nevertheless, as we hope to show in this paper, the elaboration of this notion can be a
fruitful issue for discussion and advance in the field.

The notion of the minimal cell is not new, and, actually, with different emphasis and
aims, the subject has been discussed several times in the literature, as shown by papers
by Venter and co-workers [4][9], Woese [10], Oro and Lazcano [11], Jay and Gilbert
[12], Morowitz [13], Dyson [14], Varela et al. [15], Ganti [16], and Luisi and co-workers
[17][18]. We will discuss some of this work later in this paper. Recently, the notion of a
minimal RNA cell containing only a couple of RNA genes in a self-reproducing vesicle
has been presented [19]. Although, in the present paper, we will deal with minimal
DNA cells, the link with the simple RNA cell will be considered.

The ‘Free Diffusing’ Cell. — The first ‘Gedankenexperiment’ is to consider a cell that
does not have the enzymes (or the corresponding genes) needed to synthesize low
molecular-weight compounds, with the additional drastic assumption that substrates
and other low-molecular-weight compounds, including all nucleotides and amino acids
are available in the surrounding medium and able to permeate the cell membrane into
the interior of the cell. This cell is able to perform protein biosynthesis by a modern
ribosomal system, but it is limited to the following families of enzymes: a) enzymes that
catalyze the synthesis of RNA and DNA; b) enzymes involved in the synthesis of
ribosomes and other components of the protein synthesis machinery, such as
aminoacyl-tRNA synthetases, elongation and initiation factors; and c) enzymes that
catalyze the synthesis of cell-membrane constituents.

In the Table (left-hand column), the gene set of a minimal cell (based on M.
genitalium) that meets the definitions indicated above is listed. As also shown in the
Table (middle and right-hand columns), several enzymes and factors involved in
protein biosynthesis are not taken into account. They have been eliminated under the
assumption that they, although important for protein biosynthesis to regulate processes
and improve the efficiency of cell activity, are not essential for the synthesis of proteins,
nucleic acid components, or the cell membrane. We are aware that this choice is
somewhat arbitrary.

Based on the list in the Table, this fully permeable minimal cell would have ca. 25
genes for the entire DNA/RNA synthesis machinery (without modifications of
nucleotides), ca. 120 genes for the entire protein synthesis machinery (including
RNA synthesis, 54 genes for the ribosome itself), and 4 genes enabling the synthesis of
primitive cell membranes. We end up with a total of ca. 150 genes.

What would this cell be able to do? With the assistance of the outside supply, it
should be capable of self-maintenance (leading to homeostasis) and also of self-
reproduction. Self-maintenance would be implemented because all the activated
biomonomers used for protein or nucleic acid synthesis are continuously furnished
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Table. A List of Genes That Define Minimal Cells According to the Definitions Used in this Paper, Sorted by
Functional Category

Gene function Number of genes

Minimal DNA cell?) ‘Simple-ribosome’ cell Extremely reduced cell

DNA/RNA Metabolism

DNA Polymerase 111 40y 4) 1

DNA-Dependent RNA polymerase  3€) 3 1

DNA Primase 1 1

DNA Ligase 1 1 1

Helicases 2-3 2-3 1

DNA Gyrase 29) 29) 1

Single-stranded-DNA-binding 1 1 1

protein

Chromosomal replication initiator 1 1

DNA Topoisomerase I and IV 1429 1429 1

ATP-dep. RNA helicase 1 1

Transcript. elong. factor 1 1

RNases (111, P) 2 2

DNases (endo/exo) 1 1

Ribonucleotide reductase 1 1 1

Protein biosynthesis/translational apparatus

Ribosomal proteins 51 0 0

Ribosomal RNAs 1 operon with 3 1 operon with 3 1 operon with 3
functions (rRNAs) functions (rRNAs) functions (rRNAs),

self splicing

Aminoacyl-tRNA synthetases 24 24 14°)

Protein factors required for protein  9-12) 9-121) 3

biosynthesis and synthesis of

membrane proteins

tRNAs 33 33 16#)

Lipid metabolism

Acyltransferase ‘plsX’ 1 1 1

Acyltransferase ‘plsC’ 1 1 1

PG Synthase 1 1 1

Acyl carrier protein 1 1 1

Total 146-150 105-107 46

) Based on M. genitalium. ®) Subunits a, b, y, tau. ) Subunits a, b, b’. ¢) Subunits a, b. ¢) Assuming a reduced
code. ") Including the possible limited potential to synthesize membrane proteins. &) Assuming the third base to
be irrelevant.

from the outside environment; thus, their concentration in the cell would remain
constant. Self-reproduction of this hypothetical cell would be driven by the existence of
the machinery for replicating the cell’s components — from the cell membranes to its
macromolecules. However, no provision is made in the 7able for the biochemical
processes involved in cell division. In other words, the process of division is here not
foreseen as a precise biochemical clock event due to the expression of manifold genes,
but to a mere statistical process: as the cell components replicate themselves, and the
cell membrane grows, the system would tend to divide by physical forces, as it happens
in vesicles [20][21]. In this case, the process of division, being a statistical process,
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would not always provide two compartments endowed with the same genetic
information, but compartments where the distribution of macromolecular components
would also follow a statistical distribution, with the result that only a fraction of the
daughter cells could contain all necessary components for life. This poor efficiency of
self-reproduction may have been a feature of early protocells.

To conduct this free-diffusing cell experimentally, one would need to construct a
spherical membrane (e.g., a liposome) that is nonselectively permeable to all low-
molecular-weight compounds, but that does not permit the macromolecular compo-
nents to leak out. This has not yet been realized, but, in principle, it is not impossible, as
biomembranes are generally more permeable to low-molecular-weight compounds
than to large macromolecules. Nonselective pores may be created, since it is known that
these can form both in mixed lipid bilayers [22] and when phosphatidate is present in
the lipid mixture [23]. Moreover, nonenzymatic facilitated diffusion of complexes
formed between aldehydes, amines, and metal ions with amino acids, sugars, and
nucleotides, respectively, may also take place [24 -26]. One may ask whether this kind
of free-diffusion model might have been relevant in the early evolution of protocells. It
is, indeed, conceivable that, during early evolution, physical forces rather than fine
biochemical processes might have governed the mechanisms of protocell division and
metabolite permeability. (This is, generally speaking, our working hypothesis in this
theoretical construction of minimal cells.)

‘Simple-Ribosome’ Cell. — In the previous model, the ribosome-based protein
synthesis machinery requires the largest fraction of genes. As is well-known, this is an
extremely complex system, encompassing more than 50 genes encoding different
proteins and at least three genes coding for the ribosomal RNAs. As such, it shows a
surprising level of conservation, both in terms of primary structure and number of
components, even in highly streamlined genomes such as those of intracellular
parasites, endosymbionts, and nucleomorphs arising from secondary symbiosis [27].
From the evolutionary point of view, it is unlikely that such a complex structure was
present from the very early stages of cellular life. It is, then, reasonable to assume that a
much simpler form of ribosome-mediated protein synthesis machinery was operative at
that time, and evolved into its present stage in a step-wise fashion through a series of
simpler stages. However, no such intermediate stages or simplified versions of
ribosome-mediated protein synthesis have been discovered among extant organisms.

A drastic view would be to assume only few or no ribosomal proteins. In this regard,
it is important to recall recent experiments carried out by several groups showing that
the ribosomal RNA may be sufficient for peptide synthesis. This would mean that the
ribosomal RNAs could be sufficient for a slow/basic transpeptidyl activity without the
help of the ribosomal proteins. The possibility that the first ribosomes consisted of the
rRNAs together with some basic peptides [28][29], or, perhaps, only by catalytic
rRNA, is, in fact, reinforced by the peptide-bond-forming properties in ribozymes [30].
Further, the three-dimensional structure of the large ribosome subunit at high-
resolution shows that no proteins are associated with the peptidyl-transferase catalytic
site [31].

Thus, let us consider a cell that lacks the ca. 50 ribosomal proteins and containing
only the three genes coding for the ribosomal RNAs. The corresponding ‘simple-
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ribosome’ minimal cell would, then, be specified by ca. 105-112 genes (still under the
assumption that all low-molecular-weight components arrive from the external
medium). This is a small number when compared to the initial estimate of ca. 500
genes in M. genitalium — however, it is still a system of large biochemical com-
plexity.

Conceivably, this cell would be capable of all that the previously considered cell
could do, albeit at a much lower efficiency: in all likelihood, the rate of protein
production would be slowed by several orders of magnitude. And all processes,
including metabolic self-maintenance and cell reproduction, would also be less
inefficient compared to present-day rates, and, perhaps, would face the risk of
hydrolysis of its components — although, in a prebiotic scenario without predatory
activities and without much biological competition.

Further Reductions? — There is no way to know for sure whether such a minimal
cell would be functional. It represents, however, an interesting speculation, because it
may correspond to the early stages of cell evolution. Focusing for a moment on early
evolution, can we speculate about further simplifications of the genetic machinery and
replication apparatus? In spite of the structural and functional similarities between the
template-directed enzymatic synthesis of both RNA and DNA, double-stranded DNA
cellular genomes replicate via a large, complex array of components in which proof-
reading DNA polymerases play a major role [32]. However, a number of experimental
results and sequence comparisons indicate that a DNA genome with a simplified
replicating enzymatic repertoire could exist [33]. Thus, the RNA-primer formation is
catalyzed in mitochondria not by a primase but by the organellar RNA polymerase
[34]. This suggests that a simpler set of polymerases could be functional and, in fact,
may have existed during the early stages of cell evolution. Furthermore, changes in
template and substrate specificity of nucleic acid polymerases can be easily achieved in
the presence of Mn?* ions [35]. Thus, a working model of a simpler cell, in which a
single polymerase could play multiple roles as a DNA polymerase, a transcriptase, and
a primase, with a less-specific RNA helicase being part not only of the ‘degradosome’
but also of the molecular machinery involved in the opening of the DNA double-helix,
is conceivable.

Similar arguments may be advanced for a simplified version of protein synthesis.
For instance, EF-Tu and EF-G elongation factors are encoded by paralogous genes that
resulted from a gene duplication that took place prior to the appearance of the last
common ancestor of the Bacteria, Archaea, and Eucarya [36]. Thus, before the ancient
separation of these three cell domains, a simpler but fundamentally similar process of
protein biosynthesis involving fewer components was taking place. Pursuing this line of
reasoning would correspond to speculations that make comparison with present day
biochemistry more questionable. Nevertheless, the possibility of a simpler, functional
ribosome-mediated system of protein synthesis includes the following in vitro
experimental observations: a) initiation of translation can take place in the absence
of some initiation components (N-formylMet-tRNA™et TF-2, TF-3, and GTP) under
experimentally modified conditions [37][38]; b) A translation system with modified
cationic concentrations lacking elongation factors (EF-Tu and EF-G) achieves
nonenzymatic, initiation-factor-free binding of aminoacyl-tRNAs, and ribosome-
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catalyzed transpeptidation, as well as factor-free translocation reactions that result in
slow but nonetheless faithful polypeptide elongation process [39-43].

All these in vitro data demonstrate that a relatively inefficient translational
machinery may have existed without many or all of these protein factors required by
modern cells. In search of further possibilities for reductions, it has been argued that the
genetic code evolved from simpler, ambiguous versions involving fewer amino acids. It
is possible, for instance, that Lys and Arg could be interchanged in a less-specific RNA-
binding polypeptide, or that His, whose catalytic properties play a central role in the
active site of many enzymes, replaced what was originally a catalytic ribozyme [44].
Thus, one may conceive, for example, that not all amino acids were present — or
necessary — for the onset of the first protocells, as shown by the role of gene duplication
in the evolution of aminoacyl-tRNA synthetases. It is possible, e.g., that the lower
number of amino acids serves to reduce the required number of genes to code for the
aminoacyl-tRNA-synthetases, and also corresponds to the lower number of tRNA
genes (especially when taking into account that the third base of the anticodon can be
neglected in most codons). One theory holds that there might have been co-evolution
between the formation of modern codons (with corresponding tRNAs/aminoacyl-
tRNA synthetases) and the development of new amino acids [45]. Therefore, it is
conceivable that, e.g., Cys evolved from Ser at a later stage of cellular evolution, and,
thus, in the early development of DNA cells, there was a limited number of synthetases
and tRNAs. All these considerations decrease the number of genes by ca. 50 units,
bringing us to a minimal cell that could be characterized by ca. 45-50 genes. This cell
would still be able to carry out protein synthesis with most extant amino acids.

This figure is interesting in one respect: it provides a strong argument for very early
involvement of compartmentalization in the origin of life and early evolution. In fact,
let us make, for a moment, the hypothesis that the membrane compartment is a later
development in the origin of life and early evolution (for example, appearing a good
deal after proteins and nucleic acids). This hypothesis would then require the chance
entrapment of all ca. 50 components concurrently in the same compartment at the point
in time when the bilayer membrane would be closing in a spherical shell. The
probability of simultaneous (or even only nearly stimultaneously) entrapment of such a
large number of different components in one single small spherical compartment can
be calculated as being close to zero. In force of this argument, it is much more
reasonable to assume that the complexity of cellular life evolved from the inside of the
compartment itself — i.e., that most of the cellular macromolecular components were
produced inside the early protocell itself and remained entrapped there.

The Link with the RNA Cell. — The staggering complexity of a minimal DNA cell
nourishes the idea that the primordial living cell on Earth was a RNA cell. As already
mentioned, this question has been the subject of a recent paper [19] in which the
possible features and the viability of a simple RNA cell were discussed. It should be
noted, however, that, in that cited paper, there is a different definition of a living cell
than the one used here for the minimal DNA cell. A living RNA cell is simply a cell
provided with the capability of self-replication and mutation. This corresponds to the
NASA operational definition of life, whereby a system is said to be living when it is self-
sustaining and capable of Darwinian evolution [46][47]. In the above-cited paper, a
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self-reproducing vesicle containing self-replicating RNA has been conceived as the
implementation of a simple RNA cell. In particular, it has been proposed that the
simplest form of such a living cell would be one characterized by two RNA ribozymes
(two RNA genes) within a self-reproducing vesicle. This is schematically represented in
Fig. 1: one ribozyme is capable of catalyzing the synthesis of the vesicle, the other
ribozyme is a RNA replicase able to self-replicate and to replicate the first ribozyme as
well. The lipid precursors for the cell membrane as well as the mononucleotides for
RNA synthesis are again supposed to exist in the surrounding medium and are taken up
by the cell. In this way, the entire RNA cell is capable of self-replication.

The difference in complexity between the minimal two-gene RNA cell and the
minimal simple-ribosome cell or further reduced DNA cell is, thus, dramatic. Of course,

Fig. 1. The minimal RNA cell as suggested earlier [19] in a different pictorial representation. The cell contains

two ribozymes (two genes provided with enzymatic activity), Rib-1 is capable of synthesizing the cell membrane

by converting precursor A to surfactant S; Rib-2 is a RNA replicase capable of reproducing itself and making

copies of Rib-1. All necessary low-molecular components required for the macromolecular synthesis are
provided from the surrounding medium and are capable of permeating the membrane.
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the minimal DNA cell is able to carry out protein synthesis, whereas the RNA cell of
Fig. 1 cannot. And, eventually, the minimal RNA cell has to develop into a protein/
DNA cell. This is, in principle, possible because the ribozymes are capable of mutation
and evolution. This possibility was shortly discussed in the above-mentioned paper [19]
and another rendering of this hypothetical pathway is represented in Fig. 2.

Fig. 2. A hypothetical pathway for the transformation of a simple RNA cell into a minimal DNA/protein cell.

Rib-1 is the ribozyme that makes the membrane and is, therefore, responsible for the shell reproduction. Rib-2

is a RNA replicase able to replicate itself and Rib-1. During replication, Rib-2 is capable of evolving into novel

ribozymes that make the peptide bond (Rib-3) or DNA (Rib-4). For statistical reasons, these two mutations are

assumed to take place in different compartments, which then fuse with each other to yield a protein/DNA

minimal cell. This mechanism is reminiscent of the double origin of life by Dyson [14]. Of course, one can
propose a scheme in which both Rib-3 and Rib-4 are generated in the same compartment.

Thus, the link between the minimal RNA cell and the minimal DNA cells is one that
is necessarily based on evolution: due to its much greater simplicity, the RNA cell is
probably the way to conceptualize the very start of cell evolution (once the pivotal
question ‘how and where does RNA originate?’ is solved). However, from a
pragmatical point of view, one should consider that the two ribozymes of Fig. I are
still nonexistent, whereas, in the minimal DNA cell, while so much more complex, all
biological tools are, in principle, presently available.

Approaches to the Implementation of Minimal Cells. — Having said that the
required ingredients for a minimal DNA cell — unlike those for the RNA cell — are, in
principle, available, the construction of a minimal DNA cell in the laboratory appears,
at first sight, to be more realistic.
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From the experimental point of view, one should first mention the approach used by
Venter and co-workers: by application of transposon mutagenesis to the highly
streamlined M. genitalium chromosome, many genes have been determined to be
nonessential. These authors concluded that a minimal organism with a gene set of ca.
350 sequences might be able to exist [9], and that such a reduced organism might have
had the ability to self-maintain and reproduce. Several years before, using a simpler but
conceptually similar approach as Venter and co-workers, Itaya concluded, based on data
from B. subtilis, that a minimal ‘eubacterial-based’ cell could exist with 320000 bp
(about half the genome size of M. genitalium) [48]. On the other hand, the comparison
of the completely sequenced genomes of Haemophilus influenzae and M. genitalium,
species that have suffered independently the loss of many genes, led Mushegian and
Koonin to suggest that the gene complement of a minimal ancestral cell might have
consisted of a set of 256 sequences [49]. An additional noteworthy approach is the
design of a computer simulation termed an e-cell, which ‘needs’ only 127 genes [50].
However, it should also be said that this e-cell is conceptually different from what we
define here as minimal life: it contains the minimal gene set required to perform the
most important biochemical tasks to maintain the cell (i.e., protein synthesis, RNA
synthesis, and energy generation by glycolysis), but is unable to self-reproduce. In
addition, even if this hypothetical e-cell contains DNA that is transcribed to RNA, the
entire DNA metabolism has been omitted from the theoretical construct.

The question thus becomes, how can one design an experimental approach for the
implementation of minimal cells? The approach that appears as the most promising —
and perhaps the only one that is reliably attempted in several biochemical laboratories
— foresees the use of liposomes as model compartments for biological cells. In fact,
liposomes (lipidic vesicles), with their lipid-bilayer structure, have been considered
for several years the most suitable models for the shells of biological cells
[13][14][43][51].

From the conceptual point of view, a schematic way by which a liposome can give
rise to a cell model is represented by the chemical autopoiesis model shown in Fig. 3, as
discussed a few years ago by Luisi et al. [52]. This figure represents a liposome formed
by one surfactant S and hosting one reaction that transforms the reagent A into S with a
velocity v,.,. Simultaneously, one membrane reaction converts S to product P, which is
not able to form a membrane, with a velocity v,4... The entire system is defined by two
rate processes, and, depending on the relative values of the reaction rates, the system
can be in ‘homeostasis’ (when the two rates are numerically equal); or it can lead to
growth of the vesicles, due to accumulation of excess S in the membrane, and this can
give rise to multiplication of the liposome number; or it can lead to destruction, when
Vgec 18 larger than v, . In other words, the simple liposomal system of Fig. 3 is capable of
modelling, although in the most primitive way, the various kinetic moods of a cell.

Recently, an experimental system to implement homeostasis in such a system has
been presented [53], and is schematized in Fig. 4. It is based on two competitive
reactions, one that builds the surfactants that in turn produce vesicles, and a
competitive oxidative reaction that destroys the vesicles. Both reactions are taking
place on the bilayer, i.e., within the boundary of the system, and, therefore, the system
respects also the definition of autopoiesis, the minimal living system according to Varela
and Maturana [15].
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Fig. 3. A liposome hosting two competitive reactions of shell anabolism and catabolism as a simple chemical
model for a cell

As simple as this system is, to the best of our knowledge, it is the only currently
known experimentally closed chemical system that mimicks homeostatic behavior.
From Fig. 3, as already mentioned, one can also see how a spherical surfactant-
aggregate system can give rise to growth and self-reproduction. This has actually been
implemented experimentally: the system is based on aggregates formed by fatty acids,
such as caprylic acid or oleic acid [54—-56]. As schematically illustrated in Fig. 5, a
water-insoluble precursor of a fatty acid, such as an ester or the corresponding acid
anhydride, binds to the surface of pre-existing vesicles via hydrophobic interactions.
The ester or the anhydride is hydrolyzed on the surface of the membrane, giving rise to
the free surfactant, which remains bound to the membrane, inducing vesicle growth.
Eventually, together with the growth process, the system undergoes an increase of the
vesicle population number, which becomes more efficient when more vesicles are
present and being formed. Thus, the process is an autocatalytic one.

The mechanism of this process is not yet understood in detail. However, recently, it
has been possible to prove by electron microscopy the growth and splicing of vesicles.
This has been accomplished by labelling preformed POPC liposomes with ferritin, a
protein having an electron-dense iron core. Then, oleate surfactant or the water-
insoluble oleic anhydride was added, and the size distribution of the resulting mixed
POPCJ/oleate vesicles was determined [20][21]. The comparison of the size distribution
of the ferritin-containing vesicles before and after precursor-induced growth gives
evidence of growth processes (as, after the addition, one finds larger ferritin-containing
vesicles than before), and, furthermore, under certain conditions, one finds ferritin-
containing vesicles that are considerably smaller than the initial ones, which could only
have originated from a splicing process.

This growth and autocatalytic self-reproduction of vesicles does not involve any of
the fine biochemical regulation mechanisms presently found in biological cells. Rather,
it is statistically governed by energy minimization, consistent with the argument
mentioned earlier that, in prebiotic times, physical forces and statistical processes were



[oleic acid] Vp > Vd

e Vp=vd

d>Wp

> time

\NMAM)k OH -

Vp 0 ————— > 1 oleate + 1 oleic acid

oleic acid 0

oxidation -
d A AAAATSAAAN s SHOMAICGUAIE
OH 0s04 (no vesicles)
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Fig. 5. The chemical basis of the self-reproduction of micelles and vesicles. The water-insoluble, membrane-

binding precursor S—S is hydrolyzed on the membrane to the very surfactant S. This produces more amphiphilic

material and leads eventually to growth and multiplication of the aggregates, which, in turn, solubilize more
S-S, giving rise to an autocatalytic process.
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the most likely precursors of the fine biological mechanisms developed later by
evolution. These simple processes involve only the shell — the inside of the liposomes is
empty. More interesting is the case in which enzymes and/or nucleic acids are present
inside the liposomes.

Liposomes and Giant Vesicles as Experimental Models for Minimal Biological
Cells. — In fact, the first step for the construction of experimental cell models with
liposomes is to demonstrate the feasibility of molecular biology reactions inside the
aqueous core of liposomes. A number of groups have begun experimentation in this
direction. Here, some approaches should be mentioned. A couple of papers describe
for example the synthesis of poly(A) by polynucleotide phosphorylase in phospholipid
or oleic acid/oleate vesicles [17][57]. In a couple of experiments, the self-reproduction
of vesicles was accompanied by a self-replication of nucleic acid material inside them.
One case is the self-reproduction of oleic acid/oleate vesicles hosting the polynucleo-
tide phosphorylase polymerization of ADP to poly(A) [17]. Another approach
describes the self-reproduction of oleic acid/oleate vesicles hosting the enzyme Qf
replicase, an enzyme that is able to make copies of an RNA template. In first
approximation, the process may proceed as illustrated in Fig. 6. As the enzyme is
replicating its RNA template inside the vesicles (the so-called midi-variant RNA), the
vesicles themselves are growing in size and number [18]. The two processes are
uncoupled from each other, i.e., the vesicle self-reproduction does not depend upon the
RNA replication or vice versa. It may appear that this system is ‘living’ according to the
definition of the RNA cell given above. However, the shortcoming of such a process is
apparent from Fig. 6: as the number of generations increases, there is a continuous
dilution of enzyme and RNA template, so that a smaller percentage of the total number
of vesicles will contain both macromolecules. Eventually, no vesicle will contain both
RNA and enzyme molecules, and ‘life” would then stop.

Even more complex molecular-biology reactions have been successfully imple-
mented in the inner compartment of liposomes. One example is the polymerase chain
reaction [58], particularly interesting because, in this case, the liposomes containing
DNA, a polymerase, and all small molecules required for PCR had to withstand more
than ten temperature cycles at 55-95° without losing its contents. In a similar attempt,
an entire translational system that was entrapped in POPC liposomes has permitted a
polypeptide synthesis, although limited to the production of poly(Phe) [59]. In
principle, these last two systems could also be carried out in self-reproducing vesicles.
However, also in these cases there would be no coupling between internal macro-
molecular production and vesicle self-reproduction, and dilution would eventually take
over and stop this kind of synthetic cellular life.

How can one prevent this death by dilution? One way to circumvent this difficulty
in the laboratory is the use of giant vesicles (GVs). These are vesicles reaching
diameters of 100 um, and, due to their extreme size, they can be observed by
conventional optical microscopy. Furthermore, it is possible to entrap biochemicals
directly into their aqueous compartment by various methods. One method is based on
the use of laser tweezers [60][61]; alternatively, one can use the method of
microinjection as it is carried out to inject substances into eukaryotic cells [62-64].
One can, e.g., inject a mixture of all 20 amino acids or of all possible tRNAs, a mixture
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Fig. 6. Replication of RNA in self-reproducing oleic acid/oleate vesicles [18]. As vesicles reproduce themselves

according to the mechanism shown, Qg replicase makes copies of RNA inside the vesicles. The two processes

occur simultaneously (self-reproduction of vesicles and replication of RNA) but are not coupled with each
other.

of different enzymes and/or nucleotides, and even ribosomes. Generally, only a limited
volume can be injected without bursting the GV (one is limited to a few picoliters) and
quantification of the injected volume is not easy. By using fluorescent markers, one can
ensure that the injected material is inside the H,O pool of the vesicle.

First important experiments with biological materials inside GVs were carried out
by Miyata and Hotani [65], who were able to induce the polymerization of actin inside
GVs, producing macromolecular filaments that deformed their GV host. It is also
interesting to mention the work of Angelova and co-workers [66], who were able to
show the incorporation of DNA in a GV via a process similar to endocytosis observed
in eukaryotic cells. Also, Ourisson and co-workers are actively involved in GVs as
models for cells [60].

An example of a relatively complex molecular biology reaction is given in Fig. 7.
Here, we see the increase in fluorescence intensity inside a GV arising because of the
synthesis of RNA due to the T7 RNA polymerase reaction [67] with the substrate
molecules — the nucleotides — being loaded from the external medium.
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Fig. 7. A biochemical reaction in giant vesicles (GV). A) Schematic representation of the injection procedure. In a
first step (a), the enzyme T7 RNA polymerase and the plasmid pWMT7-EGFP (a plasmid containing the GFP
gene under the control of the T7 promoter) are injected into a selected GV. Then (b), EtOH is added, and
nucleotides are microinjected into the surrounding environment. Ethanol makes the GVs more permeable to
nucleotides, thus the nucleotides can permeate the GV membrane. B) Demonstration of the time course of the
increase in fluorescence of the YO-PRO-1/nucleic acid complex due to the increased nucleic acid concentration

inside the selected GV [67].a) b) Before addition of nucleotides; ¢) 3 min, f) 12 min, e) 22 min, f 32 min after the
addition of nucleotides. Scale =50 pm.
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One interesting, and, now, timely, project, is the introduction of the entire
translational machinery into a single GV with the subsequent synthesis of proteins, and
a particularly challenging case is offered by a compartment that hosts the enzymes to
synthesize the lipids (e.g., lecithin) that make up the membrane itself. As the lipid is
being produced inside the liposomes, the liposomes grow and eventually may divide.
The idea and some very preliminary data from experiments with partially purified
enzymes of such a ‘self-synthesizing’ liposome was presented some time ago [68]. One
can now imagine a system in which these lipid-synthesizing enzymes are expressed
inside the GVs, or inside a conventional liposome, thus giving rise to a real minimal cell
system. Recently, Yomo and co-workers published, for the first time, the synthesis of
proteins in conventionally prepared GVs [69], and a similar approach has been
presented by our group [70].

That projects with GVs prepared by electroformation have not been realized so far
is due to some fundamental problems involved in working with GVs. First, one is
working with a single compartment at a time, so that the reproducibility and statistical
analysis are difficult to control. Furthermore, carrying out reactions with GV makes
sense only when one can directly monitor the chemical changes occurring inside, and,
for that, one must rely on fluorescent reactions that can be followed by microscopy.
However, since we are dealing with one single compartment and minute concen-
trations, significant problems with sensitivity arise. Ours and the other cited groups are
presently engaged in investigations towards the solution of these drawbacks. We
believe that these efforts are important, as this is the best technique for the study of
many components present simultaneously in the same compartment. An interesting
approach along this line has been provided in a recent article by Ueda and co-workers,
who were able to reconstitute cell-free translation with purified components [71].
Eventually, the combination of this approach with the liposome compartment may
prove extremely valuable as an alternative to ‘black-box’ commercial kits for protein
expression.

Concluding Remarks. — The notion of minimal cell(s) — both the RNA cell and the
DNA/protein cell discussed here —is, at this point, mostly a conceptual device providing
a platform for discussion of the minimal prerequisites for cellular life and possible
progress in the experimental implementation of cell models. One main line of
argumentation in this paper and in the overall field is that the early cells likely adhered
to this notion of minimal cell(s), namely structures that were able to display some form
of primitive life without the modern cellular complexity. The relation between
‘primitive life’ and ‘minimal cell’ is indeed the main focus of research in the field. One
main step towards simplicity is the assumption that physical forces, rather than fine
biochemical mechanisms, were the driving forces for cell division and uptake of
chemicals from the medium. Of course the assumption that all biomonomers
(particularly certain essential amino acids or present-day nucleotides) were already
available in the surrounding medium is open to debate.

We have emphasized here the dramatic difference in complexity between a minimal
self-reproducing RNA cell and a minimal self-reproducing protein/DNA cell. Although
this finding is not surprising, one can use this argument to emphasize again that the
RNA cell is the most likely candidate for the beginning of cellular life; the complexity
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of the DNA/protein cell, conversely, may suggest that, most likely, compartmentaliza-
tion accompanied or preceded the early stages of cell origin and evolution.

The evolutionary link between the RNA cell and the DNA/protein cell is of
particular importance. In Fig. 2, the classical view is represented, according to which
ribozymes are generated by an evolutionary process and are, then, able to catalyze the
synthesis of peptide bonds, which would lead to the synthesis of DNA molecules. How
does one go from a cell that has a catalyst for the formation of peptide bonds, and/or the
catalyst to make nucleic acids, to a full-fledged self-reproducing cell? It is clear that the
synthesis of peptide chains or of nucleic acids per se does not help unless assisted by a
self-replication mechanism to produce identical copies of polypeptide sequences
(enzymes) or nucleic acid sequences. This is linked to the whole problem of the genetic
code, for the onset of which no convincing and experimentally reasonable hypothesis
has been yet offered.

The major components of the much simpler RNA cell in Fig. I are, however,
presently not available, which leads us to consider that perhaps it is currently easier to
attempt to make an extremely reduced DNA/protein cell than a RNA cell. Even
though as many as 50— 150 macromolecular components may be necessary for a full
fledged minimal cell (one that can display homeostasis, self-reproduction, and
evolution), it is, in principle, not impossible to gather and transport them into a closed
semipermeable membrane. If such a procedure would, indeed, lead to cellular life, this
would also afford the best demonstration that life is an emergent property, a property
arising from the interaction of components which are per se not living.

At any rate, it seems proper to end this article with the statement (see also a recent
Editorial by Philip Ball [72]) that the enterprise of constructing minimal semisynthetic
cells will be an exciting perspective of the 21st century.

REFERENCES

[1] F. R. Blattner, G. Plunkett III, C. A. Bloch, N. T. Perna, V. Burland, M. Riley, J. Collado-Vides, J. D.
Glasner, C. K. Rode, G. F. Mayhew, J. Gregor, N. W. Davis, H. A. Kirkpatrick, M. A. Goeden, D. J. Rose, B.
Mau, Y. Shao, Science 1997, 277, 1453.

[2] F. Kunst, N. Ogasawara, I. Moszer, A. M. Albertini, G. Alloni, V. Azevedo, M. G. Bertero, P. Bessieres, A.
Bolotin, S. Borchert, R. Borriss, L. Boursier, A. Brans, M. Braun, S. C. Brignell, S. Bron, S. Brouillet, C. V.
Bruschi, B. Caldwell, V. Capuano, N. M. Carter, S.-K. Choi, J.-J. Codani, I. F. Connerton, N. J. Cummings,
R. A. Daniel, F. Denizot, K. M. Devine, A. Diisterhoft, S. D. Ehrlich, P. T. Emmerson, K. D. Entian, J.
Errington, C. Fabret, E. Ferrari, D. Foulger, C. Fritz, M. Fujita, Y. Fujita, S. Fuma, A. Galizzi, N. Galleron,
S.-Y. Ghim. P. Glaser, A. Goffeau, E. J. Golightly, G. Grandi, G. Guiseppi, B. J. Guy, K. Haga, J. Haiech,
C. R. Harwood, A. Hénaut, H. Hilbert, S. Holsappel, S. Hosono, M.-F. Hullo, M. Itaya, L. Jones, B. Joris, D.
Karamata, Y. Kasahara, M. Klaerr-Blanchard, C. Klein, Y. Kobayashi, P. Koetter, G. Koningstein, S. Krogh,
M. Kumano, K. Kurita, A. Lapidus, S. Lardinois, J. Lauber, V. Lazarevic, S.-M. Lee, A. Levine, H. Liu, S.
Masuda, C. Mauél, C. Médigue, N. Medina, R. P. Mellado, M. Mizuno, D. Moestl, S. Nakai, M. Noback, D.
Noone, M. O’Reilly, K. Ogawa, A. Ogiwara, B. Oudega, S.-H. Park, V. Parro, T. M. Pohl, D. Portetelle, S.
Porwollik, A. M. Prescott, E. Presecan, P. Pujic, B. Purnelle, G. Rapoport, M. Rey, S. Reynolds, M. Rieger,
C. Rivolta, E. Rocha, B. Roche, M. Rose, Y. Sadaie, T. Sato, E. Scanlan, S. Schleich, R. Schroeter, F.
Scoffone, J. Sekiguchi, A. Sekowska, S. J. Seror, P. Serror, B.-S. Shin, B. Soldo, A. Sorokin, E. Tacconi, T.
Takagi, H. Takahashi, K. Takemaru, M. Takeuchi, A. Tamakoshi, T. Tanaka, P. Terpstra, A. Tognoni, V.
Tosato, S. Uchiyama, M. Vandenbol, F. Vannier, A. Vassarotti, A. Viari, R. Wambutt, E. Wedler, H. Wedler,
T. Weitzenegger, P. Winters, A. Wipat, H. Yamamoto, K. Yamane, K. Yasumoto, K. Yata, K. Yoshida, H.-F.
Yoshikawa, E. Zumstein, H. Yoshikawa, A. Danchin, Nature, 1997, 390, 249.

[3] E.Mellado, M. T. Garcia, E. Roldan, J. J. Nieto, A. Ventosa, Extremophiles 1998, 2, 435.



1776 HELVETICA CHIMICA AcTA — Vol. 85 (2002)

[4] C.M. Fraser, J. D. Gocayne, O. White, M. D. Adams, R. A. Clayton, R. D. Fleischmann, C. J. Bult, A. R.
Kerlavage, G. Sutton, J. M. Kelley, J. L. Fritchman, J. F. Weidman, K. V. Small, M. Sandusky, J. Fuhrmann,
D. Nguyen, T. R. Utterback, D. M. Saudek, C. A. Phillips, J. M. Merrick, J.-F. Tomb, B. A. Dougherty, K. F.
Bott, P-C. Hu, T. S. Lucier, Science 1995, 270, 397.
[5] S.Douglas, S. Zauner, M. Fraunholz, M. Beaton, S. Penny, L.-T. Deng, X. Wu, M. Reith, T. Cavalier-Smith,
U.-G. Maier, Nature 2001, 410, 1091.
[6] F. . Silva, A. Latorre, A. Moya, Trends Genet. 2001, 19, 615.
[7] R. Gil, B. Sabater-Munoz, A. Latorre, F. J. Silva, A. Moya, Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 4454.
[8] Proceedings of a Workshop: ‘Size Limits of Very Small Microorganisms’, Space Studies Board, National
Academy Press, Washington DC, 1999.
[9] C. A. Hutchison, S. N. Peterson, S. R. Gill, R. T. Cline, O. White, C. M. Fraser, H. O. Smith, J. C. Venter,
Science 1999, 286, 2165.
[10] C. Woese, in ‘Evolution from Molecules to Man’, Ed. D. S. Bendall, Cambridge University, Press, 1983,
pp- 209-233.
[11] J. Or6, A. Lazcano, Adv. Space Res. 1984, 4, 167.
[12] D. Jay, W. Gilbert, Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 1978.
[13] H. J. Morowitz, ‘Beginnings of Cellular Life’, Yale University Press, New Haven, London, 1992.
[14] F.J. Dyson, ‘Origins of Life’, Cambridge University Press, Cambridge, 1985.
[15] F.J. Varela, H. R. Maturana, R. Uribe, Curr. Mod. Biol. 1974, 5, 187.
[16] T. Ganti, J. Theor. Biol. 1997, 187, 583.
[17] P. Walde, A. Goto, P-A. Monnard, M. Wessicken, P. L. Luisi, J. Am. Chem. Soc. 1994, 116, 7541.
[18] T. Oberholzer, R. Wick, P. L. Luisi, C. K. Biebricher, Biochem. Biophys. Res. Commun. 1995, 207, 250.
[19] J. W. Szostak, D. P. Bartel, P. L. Luisi, Nature 2001, 409, 387.
[20] N. Berclaz, M. Miiller, P. Walde, P. L. Luisi, J. Phys. Chem. B 2001, 105, 1056.
] N. Berclaz, E. Blochliger, M. Miiller, P. L. Luisi, J. Phys. Chem. B 2001, 105, 1065.
] R.N. Robertson, in ‘The Lively Membranes’, Cambridge University, Press, Cambridge, MA, 1983.
] 1. Baeza, M. Ibanez, J. C. Santiago, C. Argiiello, C. Wong, J. Or6, J. Mol. Evol. 1990, 31, 453.
] W. Stillwell, Biosystems 1976, 8, 111.
5] W. Stillwell, Orig. Life 1980, 10, 277.
] W. Stillwell, A. Rau, Orig. Life 1981, 11, 243.
] S. E. Douglas, S. Turner, Nature 2001, 410, 1091.
] A. M. Weiner, N. Maizels, Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 7383.
] A.Lazcano, G. E. Fox, J. F. Or6, in ‘The Evolution of Metabolic Function’, Ed. R. P. Mortlock, CRC Press
Inc., Boca Raton, pp. 237-295.
] B. Zhang, T. R. Cech, Chem. Biol. 1998, 5, 539.
] P. Nissen, J. Hansen, N. Ban, P. B. Moore, T. A. Steitz, Science 2000, 11, 920.
] L. A. Loeb, T. A. Kunkel, Annu. Rev. Biochem. 1982, 51, 429.
] A. Lazcano, R. Guerrero, L. Margulis, J. Or6, J. Mol. Evol. 1988, 27, 283.
[34] D.N. Frick, C. C. Richardson, Annu. Rev. Biochem. 2001, 70, 39.
] A. Lazcano, V. Valverde, G. Hernandez, P. Gariglio, G. E. Fox, J. Or6, J. Mol. Evol. 1992, 35, 524.
] N. Iwabe, K. Kuma, M. Hasegawa, S. Osawa, T. Miyata, Proc. Natl. Acad. Sci. U.S.A. 1989, 86, 9355.
[37] J. Lucas-Lenard, F. Lipmann, Proc. Natl. Acad. Sci. U.S.A. 1967, 57, 1050.
] D.P. Suttle, J. M. Ravel, Biochem. Biophys. Res. Commun. 1974, 57, 386.
[39] S. Pestka, J. Biol. Chem. 1968, 43, 2810.
[40] L.P. Gavrilova, A. S. Spirin, FEBS Lett. 1974, 39, 13.
[41] L.P. Gavrilova, O. E. Kostiashkina, V. E. Koteliansky, N. M. Rutkevitch, A. S. Spirin, J. Mol. Biol. 1976,
101, 537.
[42] L.P. Gavrilova, I. N. Perminova, A. S. Spirin, J. Mol. Biol. 1981, 15, 69.
[43] A.S. Spirin, Orig. Life 1976, 7, 109.
[44] H.B. White III, in ‘Evolution of Coenzyme and the Origin of Pyridine Nucleotides’, Eds. J. Everse, B.
Anderson, K.-S. You, Academic Press, New York, pp. 1-17.
[45] J. T. Wong, Proc. Natl. Acad. Sci. U.S.A. 1975, 72, 1909.
[46] P. L. Luisi, Orig. Life Evol. Biosph. 1998, 28, 613.
[47] G.F. Joyce, ‘The Foreword” in ‘Origin of Life: The Central Concepts’, Eds. D. W. Deamer, G.R.
Fleischacker, Jones and Bartlett, Boston, 1994, pp. xi—xii.
[48] M. Itaya, FEBS Lett. 1995, 362, 257.



[49]
[50]

[51]
[52]

[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]

(72]

HEeLVETICA CHIMICA AcTA — Vol. 85 (2002) 1777

A. R. Mushegian, E. V. Koonin, Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 10268.

M. Tomita, K. Hashimoto, K. Takahashi, T. S. Shimizu, Y. Matsuzaki, F. Miyoshi, K. Saito, S. Tanida, K.
Yugi, J. C. Venter, C. A. Hutchison III, Bioinformatics 1999, 15, 72.

D. W. Deamer, Orig. Life Evol. Biosph. 1986, 17, 3.

P. L. Luisi, F. J. Varela, A. Lazcano, in ‘Defining Life: The Central Problem in Theoretical Biology’, Ed. M.
Rizzotti, Publishing House University of Padua, 1996, pp. 149 -165.

H. H. Zepik, E. Blochliger, P. L. Luisi, Angew. Chem., Int. Ed. 2001, 40, 199.

P. A. Bachmann, P. L. Luisi, J. Lang, Nature 1992, 357, 57.

P. Walde, R. Wick, M. Fresta, A. Mangone, P. L. Luisi, J. Am. Chem. Soc. 1994, 116, 11649.

K. Morigaki, S. DellaValle, P. Walde, S. Colonna, P. L. Luisi, J. Am. Chem. Soc. 1997, 119, 292.

A. C. Chakrabarti, R. R. Breaker, G. F. Joyce, D. W. Deamer, J. Mol. Evol. 1994, 39, 555.

T. Oberholzer, M. Albrizio, P. L. Luisi, Chem. Biol. 1995, 2, 677.

T. Oberholzer, K. H. Nierhaus, P. L. Luisi, Biochem. Biophys. Res. Commun. 1999, 261, 238.

S. M. Nomura, Y. Yoshikawa, K. Yoshikawa, O. Dannenmuller, S. Chasserot-Golaz, G. Ourisson, Y.
Nakatani, ChemBioChem 2001, 2, 457.

M. Karlsson, K. Nolkrantz, M. J. Davidson, A. Stromberg, F. Ryttsen, B. Akerman, O. Orwar, Anal. Chem.
2000, 72, 5857.

R. Wick, M. I. Angelova, P. Walde, P. L. Luisi, Chem. Biol. 1996, 3, 105.

P. Bucher, A. Fischer, P. L. Luisi, T. Oberholzer, P. Walde, Langmuir 1998, 14, 2712.

A. Fischer, T. Oberholzer, P. L. Luisi, Biochim. Biophys. Acta 2000, 1467, 177.

H. Miyata, H. Hotani, Proc. Natl. Acad. Sci. U.S.A. 1992, 89, 11547.

M. I. Angelova, N. Hristova, I. Tsoneva, Eur. Biophys. J. 1999, 28, 142.

A. Fischer, A. Franco, T. Oberholzer, ChemBioChem, 2002, 3, 409.

P. Schmidli, P. Schurtenberger, P. L. Luisi, J. Am. Chem. Soc. 1991, 113, 8127.

W. Yu, K. Sato, M. Wakabayashi, T. Nakaishi, E. P. Ko-Mitamura, Y. Shima, I. Urabe, T. Yomo, J. Biosc.
Bioeng. 2001, 92, 590.

P. L. Luisi, T. Oberholzer, Proceedings of the 4th Int. Conf. on Biological Physics, Kyoto, Japan, July 2001,
in press.

Y. Shimizou, A. Inonue, Y. Tomari, T. Suzuki, T. Yokogawa, K. Nishikawa, T. Ueda, Nature Biotechnol.
2001, 79, 751.

P. Ball, www.nature.com/nsu/010215/010215-7.html

Received December 17, 2001



