J Mol Evol (2014) 79:179-192
DOI 10.1007/s00239-014-9655-7

REVIEW

Spontaneous Encapsulation and Concentration of Biological
Macromolecules in Liposomes: An Intriguing Phenomenon and Its

Relevance in Origins of Life

Tereza Pereira de Souza - Alfred Fahr -
Pier Luigi Luisi - Pasquale Stano

Received: 3 October 2014/ Accepted: 10 November 2014 /Published online: 22 November 2014

© Springer Science+Business Media New York 2014

Abstract One of the main open questions in origin of life
research focuses on the formation, by self-organization, of
primitive cells composed by macromolecular compounds
enclosed within a semi-permeable membrane. A successful
experimental strategy for studying the emergence and the
properties of primitive cells relies on a synthetic biology
approach, consisting in the laboratory assembly of cell
models of minimal complexity (semi-synthetic minimal
cells). Despite the recent advancements in the construction
and characterization of synthetic cells, an important phys-
ical aspect related to their formation is still not well known,
namely, the mechanism of solute entrapment inside lipo-
somes (in particular, the entrapment of macromolecules).
In the past years, we have investigated this phenomenon
and here we shortly review our experimental results. We
show how the detailed cryo-transmission electron micros-
copy analyses of liposome populations created in the pre-
sence of ferritin (taken as model protein) or ribosomes have
revealed that a small fraction of liposomes contains a high
number of solutes, against statistical expectations. The
local (intra-liposomal) macromolecule concentration in
these liposomes largely exceeds the bulk concentration. A
similar behaviour is observed when multi-molecular reac-
tion mixtures are used, whereby the reactions occur
effectively only inside those liposomes that have entrapped
high number of molecules. If similar mechanisms operated
in early times, these intriguing results support a scenario
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whereby the formation of lipid compartments plays an
important role in concentrating the components of proto-
metabolic systems—in addition to their well-known func-
tions of confinement and protection.
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Introduction

Cells are the basic unit of life. The intricate mesh of
autopoietic reactions, kept by high local solute concentra-
tions and confined within a semi-permeable barrier (the
lipid/protein membrane), permits cells to self-maintain,
grow and reproduce by the continuous biosynthesis of all
its chemical compounds. How living cells originated from
inanimate matter is still unknown, but in the last decades,
the experimental research on the physical and chemical
mechanisms leading to the emergence of primitive cells—
carried out using lipid vesicles (liposomes) as models—has
been growing considerably (Oberholzer et al. 1995; Luisi
et al. 1999; Szostak et al. 2001; Monnard and Deamer
2002; Rasmussen et al. 2003, 2009; Walde 2010; Kurihara
et al. 2011; Ichihashi et al. 2012; Torino et al. 2013;Blain
and Szostak 2014).

In particular, semi-synthetic approaches (Oberholzer
et al. 1995; Luisi et al. 2006; Stano et al. 2011) aim at
constructing protocellular models of minimal complexity
by combining liposomes and free molecules such as
nucleic acids, ribosomes, proteins, and low-molecular
weight compounds (amino acids, nucleotides, etc.).

One example of the undergoing research on “minimal
cell” construction is given by the encapsulation of gene
expression kits (i.e., transcription—translation or TX-TL
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kits) inside liposomes. Owing to intra-liposomal protein
synthesis, it is possible—at least in principle—to generate
desired functions in these “synthetic cells.” The goal is to
reconstruct cellular models of minimal complexity that can
perform operations like enzymatic synthesis of lipids (for
membrane self-reproduction), DNA duplication, RNA
synthesis, reconstruction of minimal metabolic networks
and so on. This will help us to understand how these basic
cellular processes work inside lipid micro-compartments,
and how these chemical reactions cope with intrinsic
physical constraints, providing insights into the primitive
cellular system that they are supposed to mimic. Several
groups are currently involved in this synthetic cells
research, both from the viewpoint of origin of life and for
biotechnological applications (Pohorille and Deamer 2002;
Nomura et al. 2003; Noireaux and Libchaber 2004; Sunami
et al. 2006; Kita et al. 2008; Mansy et al. 2008; Moritani
et al. 2010; Caschera et al. 2011; Martini and Mansy 2011;
Maeda et al. 2012; Stano et al. 2012; Nourian and Danelon
2013).

An intriguing aspect of semi-synthetic approach is that
the procedures used for protocells/synthetic cell construc-
tion rely on self-assembly and self-organization phenom-
ena, which involve not only the lipid molecules (which
easily form bilayers and closed lipid vesicles, i.e., lipo-
somes) but also the molecules that are present during the
liposome formation. This aspect is relevant for origin of
life studies if we assume—as it is generally done—that the
construction of synthetic cells is based on the same phys-
ico-chemical phenomena that promoted the emergence of
primordial cells from free primitive solutes and primitive
lipids (e.g., fatty acids, isoprenoids and other simple
amphiphilic compounds; see Walde (2006) for a review).

Liposome formation and solute encapsulation can occur
simultaneously, as shown in Fig. 1, and this mini-review is
devoted to annotate our recent experimental findings on this
fundamental process at the roots of cells origin. In particular,
we will describe that macromolecules like ferritin and
ribosomes may self-concentrate inside lipid vesicles, gen-
erating solute-filled compartments whose internal solute
concentration exceeds the external one. Similar phenomena
occur also in the case of complex multi-molecular systems,
such as the TX-TL machinery. Although the details of the
mechanism underlying these intriguing observations are not
known, we believe that the reported observations have a
great relevance in origin of life scenarios and help explain-
ing in a rational way the emergence of functional primitive
cells, starting from an environment where solutes are present
at low concentration.

After a short introduction on the motivations of our
research on solute encapsulation, we will first focus on the
encapsulation of single molecular species, and then on
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multi-molecular mixtures. A more detailed discussion on
the historical developments of our research has been
recently presented by Luisi (2012).

Experimental Studies on the Encapsulation of Single
Solute Species

Motivations and Historical Developments

Our interest on the mechanisms of solute encapsulation
during liposome formation derives both from previous
unpublished data on solute-filled vesicles obtained during
studies on fatty acid vesicle self-reproduction (Berclaz
et al. 2001a, b), and from theoretical considerations on the
success of protein synthesis experiments reactions inside
liposomes (commented in Luisi (2006)). It might be useful
to shortly recapitulate the historical developments bringing
about current research.

The first polypeptide synthesis inside liposomes (i.e.,
poly(Phe) synthesis) was demonstrated by Luisi et al. 1999
(Oberholzer et al. 1999), and soon after the first cases of
functional protein synthesis (green fluorescent protein,
GFP) were reported (Yu et al. 2001; Oberholzer and Luisi
2002). The success of protein synthesis inside lipid micro-
compartments implies that all components of these com-
plex TX-TL kits [which are bacterial extracts or synthetic
reconstituted systems (Shimizu et al. 2001)] were simul-
taneously entrapped inside liposomes during their forma-
tion. Intuitively, this is an event difficult to conceive. Note
that the vesicles used in these early studies were microm-
eter-sized in the case of Yu et al. (2001), but they were not
characterized in the work presented by Oberholzer and
Luisi (2002).

In the following years (Souza et al. 2009), we reported
protein synthesis from cell extracts inside conventional
vesicles—which are quite small (diameter <300 nm)
compared with today’s cells, and we were intrigued by the
fact that many different molecules could be encapsulated
inside the same compartment, somehow beyond statistical
expectations. It was evident that a kind of anomalous effect
could drive an accumulation of solutes inside liposomes. In
fact, calculations reveal that a Poisson distribution cannot
explain the simultaneous presence of all components of the
TX-TL reaction in a small individual lipid vesicle (Souza
et al. 2009).

What is then the mechanism of macromolecules
encapsulation inside lipid vesicles?

We realized that a detailed study on this topic is crucial
to understanding the physics of vesicle formation and
solute entrapment—two coupled mechanisms that are at
the origin of cellular life.



J Mol Evol (2014) 79:179-192

181

+ lipids

IS

488/ lipid membrane
Vi

vesicle

® A o

v 7,
? ° o

g ®©

free solutes

Fig. 1 The self-assembly competence of lipids (phospholipids or
fatty acids) brings about the formation of lipid vesicles (liposomes)
which can capture (entrap, encapsulate) the solutes present in the
aqueous solution that is employed for their formation. A population of
liposomes emerges from this process. Liposomes are heterogeneous
in terms of size, morphology and solute content. The actual solute

Average Versus Individual Encapsulation (or
Entrapment) Efficiency (EE) in Liposome Populations

Intrigued by these considerations, we started a focused
investigation on the entrapment of macromolecular solutes
inside lipid vesicles, intended as a process that mimics the
formation of primitive cells. Thus, we looked for an
experimental model capable of giving a direct and precise
report of solute content and solute occupancy distribution
inside liposomes.

In the field of liposomes, the study of the encapsulation
efficiency is a well-known practice, but this is generally
done by quantifying (via chemical analysis) the overall
amount of the encapsulated substance. In these traditional
studies, the encapsulation efficiency (EE) is given either as
the fractional amount of encapsulated substance (e.g. 7 %)
or as the amount of encapsulated substance divided by the
amount of lipids in the preparation (e.g. 0.05 mg substance
per mg lipid). After estimating (or measuring) the number
of liposomes in the samples, one could evaluate from these
EE values an average intra-liposome solute content.
Clearly, these methods are limited as far as determining the
individual liposome EE is desired.

In contrast, techniques like microscopy and flow
cytometry allow the analysis of the solute content inside
each (individual) liposome. Our approach is therefore,
based on cryogenic-transmission electronmicroscopy
(cryo-TEM) and optical (confocal fluorescence) micros-
copy, and aims at measuring of the solute occupancy

lipid self-assembly
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vesicle formation and solute entrapment

occupancy distribution can be compared with the ideal case of
random solute entrapment, obtained under the hypothesis that
liposomes blindly sample portions of the solution according to their
volume (probability of entrapment = vesicle volume/overall sample
volume). Reproduced from Souza et al. (2011) with the permission of
Wiley

distribution via direct counting the number of solutes in
individual vesicles and making a comparison with the
expectations.

In order to calculate the expected value—i.e. the
expected numbers of solutes inside a particular vesicle—
we need a theoretical model. The simplest one (our “null
hypothesis,” against which data will be compared) simply
states that in the absence of specific lipid/solute interac-
tions, it is expected that the solution encapsulated inside
liposome has the same composition of the external solu-
tion, and therefore, that the expected intra-liposome solute
concentration (Cj,) is simply equal to Cpyy, the solute
concentration in bulk. If the liposome volume V is known,
it is then possible to calculate the average number of
molecules N, inside it, Nj, = No V Ci, = No V Couie
where Ny is the Avogadro constant. Basic statistical theory
also predicts that not all vesicles will contain the same
number of molecules, and that the number of solutes inside
a population of vesicles follows a Poisson distribution, with
average N;, and standard deviation equal to \/Nm. Essen-
tially, thus, this simple model considers the encapsulation
of molecules inside vesicles as a random sampling process
weighted by the vesicle volume. These being the expec-
tations, let us see what was experimentally observed.

Ferritin Encapsulation

Ferritin is an almost spherical protein (diameter about
12.5 nm) composed of 24 subunits arranged in 4,3,2-
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symmetry around a 7.5 nm iron core, composed of thou-
sands of iron atoms as hydrous ferric oxide phosphate,
resembling the mineral ferrihydrite (Bell et al. 1984).
Thanks to its high scattering capacity, ferritin is classically
used as a probe for electronic microscopy; individual fer-
ritin molecules can be traced as single spots in cryo-TEM.

We prepared ferritin solutions (from 4 to 32 uM) and
formed liposomes by methods that simulate spontaneous
lipid self assembly, namely the film hydration method
(Bangham et al. 1965) and the ethanol injection method
(Batzri and Korn 1973). Liposomes, which form instanta-
neously when the ferritin solutions is mixed with lipids,
were made of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospha-
tidylcholine (POPC) or POPC-based mixtures containing
20 mol % oleate or cholesterol. During vesicle formation,
a number of ferritin molecules are entrapped inside and
cannot leak out because of their large size. The liposome
preparation protocol, importantly, did not include freeze—
thaw cycles in liquid nitrogen (Mayer et al. 1985), which is
a procedure usually done in liposome technology for
reducing liposome lamellarity and homogenizing the lip-
osomes content. Clearly, we avoided such additional step
because we were interested in the genuine solute encap-
sulation distribution as obtained just after liposome
formation.

After removal of non-entrapped ferritin via size exclu-
sion chromatography, the samples of ferritin-containing
vesicles were analysed by cryo-TEM (Luisi et al. 2010).

Figure 2a shows a cryo-TEM image reporting two lip-
osomes of similar size which contain, respectively, no

ferritin (Cy, = 0) and about 150 ferritin molecules
(Cin = 30 uM). The vesicles were prepared starting from
the same ferritin solution (Cpyx = 8 ptM). The Poisson
distribution predicts that the existence of both vesicles is
highly improbable, because an average content of 40 + 18
ferritin molecules (mean =+ three standard deviations) is
expected for vesicles of that size.

It is evident that ferritin molecules self-concentrate
inside these (few “special”) vesicles in a very surprising
way and that such a sort of condensed system clearly
resembles a successful case of self-organization, i.e., cre-
ation of order from a chaotic mixture.

Note that neither the encapsulated nor the free ferritin
molecules aggregate under our experimental conditions (cf.
Fig. 2b), suggesting that the self-concentration phenomenon is
not a trivial solute aggregation process; moreover, strong and
stable ferritin/bilayer interactions are also ruled out by directly
observing the cryo-TEM images, where it is evident that fer-
ritin molecules are not located near the lipid membrane.

By analysing the data of about 7,700 vesicles, an
experimental solute occupancy distribution is achieved. It
is characterized by: (i) a large number of empty vesicles
(ca. 90 %); (ii) a few vesicles (ca. 9-10 %) whose internal
content matches with the expectation; and (iii) very few
vesicles (<1 %) containing a large number of ferritin
inside, so that the internal ferritin concentration markedly
exceeds the expectations (Cj, > Cpu). Looking at these
data one could roughly say that the entrapment of ferritin in
spontaneously formed vesicles follows an “all-or-nothing”
mechanism.

Fig. 2 Cryo-TEM images of ferritin-containing liposomes. a Two
vesicles of approximately similar size show completely different
entrapment efficiency. The vesicles (diameter: ca. 260 nm) contain 0
and 150 ferritin molecules,instead of the expected 40 molecules.
Observing both vesicles would be highly improbable if the
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entrapment follows a Poisson distribution. b The same vesicle sample
before removing non-entrapped ferritin. It is evident that ferritin
molecules do not aggregate with each other or with the lipid
membrane. Reproduced from Luisi et al. (2010) with the permission
of Wiley
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The experimental distribution is plotted in Fig. 3a
together with the expected bell-shaped Poisson distribution
in a bilogarithmic plot. Being approximately linear, the
experimental distribution can be described by a power law
of the form p(N) ~ N “.

The difference between Poisson and power-law distri-
butions is mostly evident for large N values (corresponding
to vesicles containing a large number of solutes): the
probability of finding a “super-filled” vesicle is essentially
zero according to the Poisson distribution, which predicts
only small deviations from the average value. On the

Fig. 3 a Comparison between
expected Poisson distributions
(continuous lines) and the
observed occupation frequency N\
(circles) of ferritin-containing

liposomes plotted as theoretical 0.1
or observed frequency versus
the number of entrapped ferritin
molecules per vesicle
(bilogarithmic plot). The linear
dependence of log p from log
(N + 1), i.e. the power law
(slope ca. —2.24), is shown as a
dashed line. The concentrations
of ferritin solutions are
indicated by different colours.
Poisson curves refer to vesicles
100 nm in diameter. Note that
Poisson distributions converge
quickly to zero for high

N. b Size dependence of internal 1E-4
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contrary, according to the power law, the probability of
observing a vesicle that has entrapped a very high number
of solutes—an “extreme” in the distribution—is low but
not impossible.

When analysed in terms of vesicle size, a clear inverse
dependence is observed (Fig. 3b), with the highest local
ferritin concentrations found in very small vesicles.

Finally, note that even if a very small fraction of 0.1 %
represents the interesting part of the vesicle population, in
typical laboratory conditions (1 mM lipid concentration,
vesicles of diameter 200 nm) this corresponds to about one
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million of super-filled vesicles per microliter. Therefore,
the phenomenon we are describing is interesting and
remarkable even if the value of 0.1 % turned out to be an
overestimate of the true super-filled vesicle fraction by one
or two orders of magnitude.

In summary, ferritin experiments show that liposomes
can concentrate solutes initially present in solution, so as to
reach an intra-liposome concentration higher than the bulk
value. The concentration factor can reach very high values
inside small vesicles (e.g. even more than 30x in vesicles
with a diameter of 50-60 nm) but it is typically <10 in
100-200 nm (diameter) vesicles. Intrigued by this initial
observation, we then asked whether other solutes may
behave similarly.

Ribosomes and Ribo-Peptidic Complexes
Encapsulation

Ribosomes are key components of cellular life, as well as
of the TX-TL machinery that is often inserted inside lip-
osomes for constructing synthetic cells. Ribosomes can be
also detected by cryo-TEM, although as faint particles
when compared with ferritin. We, therefore, extended our
investigation on spontaneous encapsulation by carrying out
experiments with bulk ribosome concentration of 0.48 and
4 uM (Souza et al. 2011).

According to the Poisson distribution, when 100 nm
(diameter) vesicles are prepared in these solutions, they
should contain on average about 0.15 and 1.26 ribosomes,
respectively. If we calculate the Poisson probability of
entrapping more ribosomes, for example more than 10
ribosomes inside that same vesicle, this gives such a low
value that is nil for all practical purposes.

In contrast with these expectations, the cryo-TEM ana-
lysis of ribosome-containing vesicles showed that few ves-
icles—again a fraction of about 0.1 %—were able to entrap
tens of ribosomes (up to hundreds in some cases, especially
for large vesicles), as it was observed in ferritin-containing
samples. One can go further and calculate from the experi-
mental results the fraction ® of internal vesicle volume that
is occupied by ribosomes, to estimate the degree of crowding
inside this type of artificial cell model. By keeping in mind
that the close packing limits correspond to ® ~ 70 %, we
defined a “crowded” solution when 20 % < ® < 70 %,
and a “diluted” solution when ® < 20 %. Surprisingly,
more than one-third of ribosome-containing liposomes
contained a “crowded” ribosome solution. In most cases, the
internal ribosome concentration was 4—10 times higher than
the expectations, with peaks of 25-30x.

A detailed statistical analysis (Souza et al. 2011)
revealed that also in this case, the encapsulation follows a
power law. Again, the formation of these ribosome-rich
vesicles could not be predicted from a Poisson distribution.
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Ferritin and ribosomes showed a quite interesting pat-
tern of entrapment, but it would be interesting to check
whether solutes that are more primitive would behave
similarly. For example, simple macromolecular com-
plexes—which can be taken as model of primitive com-
plexes—would be the best candidates to explore this
possibility.

We prepared ribo-peptidic complexes, consisting in 20
nucleotides-long RNA strands complexed with 7.5 kDa
(ca. 40 residues long) poly-L-arginine through electrostatic
interactions, vaguely resembling the possible structure of
primitive ribosomes. The size of these complexes can be
controlled by adjusting the proportion between negative
and positive charges, as well as mixing rates. After opti-
misation, we chose 5 nm ribo-peptidic complexes for an
entrapment test. Cryo-TEM images were analysed only
qualitatively, but the observed pattern (few super-filled and
several empty liposomes) matched with the well-detailed
cases of ferritin and ribosome encapsulation (Souza et al.
2012).

Our findings suggest that a diluted solution of macro-
molecules can self-concentrate several times the bulk
concentration, but this phenomenon occurs inside a small
percentage of vesicles. This left us wondering whether this
intriguing effect would give liposomes the capability to
concentrate substances and allow intra-liposome reactions
that otherwise would be not efficient. In other words, could
this phenomenon help to assemble and sustain metabolic-
like reactions inside compartments? If so, the role of lipid
membranes in the origin of life would not simply be that of
providing a confinement to cellular reaction, letting nutri-
ents enter the cell and preventing macromolecules from
being lost in the medium (semi-permeability), but they
would also play a more active role, facilitating the reaction
via a mechanism of solute concentration along with the
protocell formation.

TX-TL Reactions as a Realistic Model of Cellular
Metabolism

The most important and dramatic consequence of macro-
molecular self-concentration inside liposomes becomes
evident in experiments where realistic mixtures containing
metabolic pathway elements are entrapped inside the
liposomal lumen, establishing a confined and concentrated
reactive mixture. For example, a model reaction with suf-
ficient complexity, namely the coupled TX-TL system, can
be employed (actually, our early observations on anoma-
lous entrapment (Souza et al. 2009) were indeed based on
TX-TL systems).

Ueda et al. developed a purified TX-TL systems (the
PURE system) containing the minimal number of
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Escherichia coli enzymes, t-RNAs and ribosomes, as well
as amino acids and nucleotides that are able to synthesize a
functional protein starting from the corresponding DNA
gene (Shimizu et al. 2001, 2005). The PURE system works
with about 80 macromolecules (exactly: 83) and about two
dozens of small molecules. The incorporation of the PURE
system inside liposomes (Fig. 4) mimics the formation of
early cells from lipids and a complex molecular set, so that
it is a plausible test for investigating the “super-concen-
tration” effect in the case of multi-molecular mixtures of
non-trivial complexity. Moreover, the production of a
protein is an easily detectable output, especially if the
enhanced green fluorescent protein (eGFP) is chosen as the
reporter protein (details given in Fischer et al. 2002).

In order to evidence in the best way the liposome
capacity of concentrating multi-molecular mixtures certain
particular conditions should be met, namely conditions
where the protein production would be somehow limited or
made difficult, unless a spontaneous concentration of sol-
utes inside liposomes occurs.

According to the formula N, = Nay V Cpyi, there are
two ways for keeping N, at a low value (and therefore,
meeting conditions for poor encapsulation and poor reac-
tion): (1) lowering V (i.e. using small liposomes) and (2)
lowering Cpyx (i.e. forming liposomes in diluted solutions).
In these “hampered” conditions, a successful intra-

Fig. 4 Liposomes
encapsulating the whole TX-TL
kit are able to produce a protein
in their lumen starting from the
corresponding DNA. The PURE
system (Shimizu et al. 2001,
2005) is a reconstructed TX-TL

kit composed by the minimal %oog ATP

liposome reaction necessarily implies that the number of
encapsulated molecules has exceeded the expected one.
The two cases will be presented in “eGFP synthesis inside
submicrometer-sized liposomes” and “eGFP synthesis in
micrometer-sized vesicles starting from diluted PURE
system” sections, respectively.

eGFP Synthesis Inside Submicrometer-Sized
Liposomes

As commented in “Motivations and historical develop-
ments” section, protein synthesis in sub-micron conven-
tional vesicles (Souza et al. 2009) was actually precedent to
the ferritin/ribosome experiments, and it was one of our
motivations to investigate the mechanism of solute
encapsulation (Luisi et al. 2010; Souza et al. 2011, 2012).

Our group has been involved in pioneer studies on cell-
free protein synthesis inside liposomes (Oberholzer et al.
1999; Oberholzer and Luisi 2002; Murtas et al. 2007), but
the synthesis of a functional protein inside conventional
sub-micron vesicles remained an elusive result. An
experimental test based on small vesicles was indeed
needed. It has an implication in origin of life scenarios,
because some theoretical considerations have suggested
that primitive organisms could have been very small in size
(Boal et al. 1999). We applied optimised liposome
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formation protocols to spontaneously obtain liposomes
with a diameter below 400 nm in the presence of the PURE
system. The liposome size distribution was measured by
dynamic light scattering (Fig. 5b) and the progress of eGFP
synthesis inside the liposomes was monitored by fluorim-
etry (Fig. 5a). External protein synthesis was prevented by
digesting mRNA or proteins, or by sequestering magne-
sium ions.

The data recorded show that eGFP synthesis occurs
inside conventional vesicles with 300 nm average diame-
ter, with an average yield of 50 & 20 eGFP molecules
produced in 1,000 vesicles. This clearly indicates that not
all vesicles are able to produce eGFP; very probably only
few vesicles were functional, whereas the majority were
not. This is per se an intriguing observation, and confirmed
the intuitive conclusions that not all vesicles were able to
capture at least one copy of all PURE system solutes.
However, a careful quantitative statistical analysis reveals
that in principle eGFP synthesis would not take place, at
any rate, in any vesicle.

Observing eGFP synthesis implies, in fact, that all
PURE system macromolecules and the small molecules are
successfully entrapped inside vesicles with an average
volume of about 14 x 107'® L (14 aL). This is not an easy
task, especially considering that if just one of its compo-
nents is missing the protein expression would not occur.
What really matters here is the co-entrapment statistics.
Details can be found in Souza et al. (2009), and the results
can be summarized as it follows.Using a Poisson distri-
bution for each of the PURE system components, it is

Fig. 5 eGFP synthesis inside a
conventional vesicles. a Time
profile of eGFP production; the
negative control sample was
obtained by co-entrapping
EDTA together with the TX-TL
kit inside liposomes. Error bars
represent the standard deviation
of three (eGFP synthesis) and
two (negative control)
independent samples.

b Number-weighted dynamic
light scattering size distribution
of vesicles obtained by the
injection method (recorded at
the end of the incubation
period). Reproduced from
Souza et al. (2009) with the
permission of Wiley
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possible to calculate a cumulative co-entrapment proba-
bility that estimates how many liposomes of a certain size
would entrap at least one copy of each PURE system
component (resulting, therefore, in a system capable of
synthesizing eGFP). In the case of vesicles with diameter
<300 nm, this cumulative probability is of the order of
1072, i.e., nil for all practical purposes.

Calculations also show that the cumulative co-entrap-
ment probability should reach values that are compatible
with the experimental observations only if the concentra-
tion of all PURE system components were locally
increased by a factor ca. 10-20.

This study revealed that eGFP synthesis inside small
vesicles is possible only if multi-component mixtures can
be concentrated inside vesicles.

A posteriori, we have realized that these initial observations
actually match with the encapsulation following the power-
law, as demonstrated in the case of ferritin or ribosomes.

eGFP Synthesis in Micrometer-Sized Vesicles Starting
from Diluted PURE System

The second approach for assessing the possibility of con-
centrating multi-component mixtures within liposomes is
based on the formation of liposomes in a diluted PURE
system solution (Stano et al. 2013). Micrometer-sized lipo-
somes were used, given their facile detection via fluores-
cence confocal microscopy. In addition, this experimental
design has a strong connection with the origin of life sce-
narios. In fact, it simulates a quite realistic condition where
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diluted macromolecular compounds, formed by prebiotic
chemical routes, are dissolved in primitive aqueous pools,
like fresh water lagoons, but their extreme dilution prevents
any efficient reaction.

The rate of protein production rapidly drops off when
the PURE system is even moderately diluted (e.g. with one
volume of buffer), due to the highly non-linear character-
istic of its reaction rate. When liposomes are formed in a
diluted PURE system mixture, it is expected (according to
our “null hypothesis™) that the intra-liposome concentra-
tions of all PURE system species are equal to the bulk
ones, and therefore, that eGFP synthesis inside liposome
would fail.

We actually carried out this experiment simply by
forming micrometer-sized vesicles in a diluted PURE sys-
tem mixture, without any other treatment. Surprisingly, as
evident in Fig. 6, just a few vesicles resulted to be fluores-
cent, demonstrating a successful micro-compartmentalized
protein synthesis. The number of functional micrometer-
sized liposomes was estimated to be around 1 % by a
membrane staining procedure (Nile-Red staining).

In contrast, the absence of significant reactivity outside
vesicle (evident by the dark background of Fig. 6), is
indeed expected because the PURE system in the extra-
liposome environment remains diluted. Finally, a micro-
spectrofluorimetric study on the eGFP emission band
suggested that the lumen of eGFP-producing vesicles is a
crowded-like microenvironment.

The presence of eGFP-synthesizing vesicles, again, is
not compatible with the Poissonian expectations. Due to
the relatively large vesicle size (diameter ca. 1 pm), the
expected average number of encapsulated solute molecules
(for each of the PURE system species) is also high, and the
stochastic fluctuations around such high value are small.
For example, the ribosome concentration in the PURE
system is 1.2 uM, which corresponds to about 380 + 60

molecules (mean =+ three standard deviations) inside lipo-
somes of diameter 1 um. In 1:1 diluted PURE system, the
expected number of ribosomes in the same liposome drops
to 190 + 40 (mean =+ three standard deviations) and,
therefore, Poisson fluctuations would “never” be able to
double the number of entrapped ribosomes. Similar con-
clusions can be obtained for almost all other PURE system
species (except for the less concentrated ones), and the
final cumulative probability is the product of all these
individual very low values. Instead, the long-tailed power
law distribution could justify the observations (Mavelli and
Stano, submitted manuscript).

Note that previous work (Nomura et al. 2003) has
already shown that protein synthesis in giant vesicles
(diameter ca. 4-5 pm) can occur with enhanced rate also
when a non-diluted TX-TL mixture is used; differences
were detected in the first 3 h. The spontaneous concen-
tration of macromolecules, here advocated by us, could
possibly explain also these previous observations.

Discussion
Relevance

Both the simple encapsulation experiments with ferritin,
ribosomes and ribo-peptidic complex, and the more com-
plex experiments with TX-TL machinery show in a clear
way what could have been the active role of self-assem-
bling lipid micro-compartments in promoting primitive
chemical reactions.

This is probably the most important message for origin
of life research. Under some particular circumstances,
macromolecules can be encapsulated efficiently inside
liposomes. The resulting structures, in contrast to empty
liposomes and to free macromolecules in solution, are

Fig. 6 Confocal microscopy images of POPC liposomes (3.3 mM)
prepared by the ethanol injection method in the presence of a diluted
PURE system solution (x0.65). In the left panel, bright vesicles are
visible against a dark background, which indicates intra-liposomal

eGFP synthesis. Central panel displays bright field image. Nile-Red
staining (right panel) of eGFP-producing liposomes reveals that the
large majority of liposomes do not synthesize the protein. Reproduced
from Stano et al. (2013) with the permission of Wiley

@ Springer



188

J Mol Evol (2014) 79:179-192

capable of effectively developing a proto-metabolism due
to the presence of several different types of macromole-
cules (i.e. with potential catalytic activity), possibly all in
high enough concentration and in a confined space. This
scenario (Fig. 2a) would explain the origin of a number of
functional cells in environmental conditions where—
according to standard statistics—this would appear essen-
tially impossible.

Not much is known about these solute-rich structures.
They can represent local minima in an energy landscape
shaped by local favourable conditions, or they can emerge
due to kinetic reasons (kinetic traps). We believe that
water-related entropic effects similar to those operating in
the “hydrophobic effect” (Tanford 1973) could drive the
formation of such structures.

One can envisage two situations where self-concentra-
tion effects can be important: the first refers to the facili-
tation of reactions after intra-liposome concentration. We
have shown it by the two examples of TX-TL reactions
incorporated inside liposomes. But even without referring
to such complex system, simple enzymatic reactions or the
formation of molecular complexes can be made possible by
concentration effects. For example, diluted enzyme/sub-
strate react sluggishly when [substrate] < Ky; (the
Michaelis—Menten constant), and complex formation pro-
ceeds poorly when [ligand] < Ky (the complex dissocia-
tion constant). Thanks to the described spontaneous
concentration of molecules in the vesicle lumen, these
reactions would work more efficiently because the con-
centration of reactants increases locally (inside liposomes).
For example, the formation of large non-covalent com-
plexes like proto-ribosomes can be attributed to this effect.
The interbreeding reactions between proteins and nucleic
acids, as those are preliminary to the origin of the genetic
code could also benefit from it. These results leave also
room for speculations like fusion events of differently
crowded vesicles or breaking and recomposing of vesicles
as answer to environmental changes in these prebiotic
conditions. These hypothetical considerations may also
climax in the question, if a steady growing vesicle or if
fusion events of vesicles may have lead to the first cells.

On the Importance of Measuring Individual Entrapment
Efficiency (EE) Rather than the Overall EE in Lipid
Vesicle Populations

Very few previous studies reported a detailed solute
occupancy distribution as derived by microscopy obser-
vations. Sun and Chiu (2005) presented a method for the
determination of individual vesicle entrapment yields
based on single-vesicle photolysis and confocal single-
molecule detection, applied to carboxyfluorescein-con-
taining giant vesicles (diameter 3-9 pm). Stamou et al.
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(Lohse et al. 2008) reported that the EE of a low-molecular
weight fluorescent dye (CoroNa Green, 586 Da) in
immobilized vesicles with diameter from 0.1 to 0.9 um is
not size independent (i.e. local concentration independent
from vesicle size), but follows a 1/diameter trend similar to
the ferritin/ribosome findings (cf. Fig. 3b). Analyses were
carried out by fluorescent microscopy and a membrane dye
was employed to independently measure the vesicle size.
Keating, on the other hand, investigated the individual
encapsulation efficiency of giant vesicles when prepared—
by natural swelling methods—in the presence of carboxy-
fluorescein, fluorescent dextran derivatives (from 4 to
2,000 kDa) and PEGs (from 5 to 20 kDa), showing that the
vesicle population was heterogeneous in terms of solute
content (Dominak and Keating 2007). Together with a non-
negligible number of solute-poor vesicles, the majority of
GVs had internal concentrations of polymer or small
molecules equal to or slightly greater than the external
concentration. Additional studies focused on “vesicle
diversity” (Stano et al. 2014) based on microscopy obser-
vations have been carried out by Yoshikawa et al. (Yamaji
et al. 2009; Saito et al. 2009; Kato et al. 2012); and by the
Danelon group (van Nies et al. 2013). The use of flow
cytometry for analysing individual vesicles has also been
reported in recent years. In particular, Yomo et al. have
exploited the potential of this technique for reporting about
the individual encapsulation efficiency and intra-vesicle
TX-TL reactivity (Hosoda et al. 2008; Nishimura et al.
2012; Sakakura et al. 2012).

Our approach underlines the importance of looking at the
vesicle sample as it emerges from molecular self-organiza-
tion and without pre-treatment. For example, we avoided
submitting solute-filled vesicles to freeze—thaw cycles (as it
is usually done when solute-filled vesicles are prepared),
because it is known that the resulting vesicles become more
homogeneous in terms of solute content (Mayer et al. 1985).

Another important point to be mentioned deals with
reproducibility. Although we consistently observed a small
number of liposomes containing a high number of encap-
sulated solutes (ferritin, ribosomes, ribo-peptidic com-
plexed, TX-TL kits), one has to be aware of the fact that
these events are essentially stochastic and refer to small
number of liposomes. This means that the number of
“super-filled” liposomes strongly varies between experi-
ments. On the other hand, the well-documented existence
of these structures demonstrates that a route to their for-
mation must exist. Such a route is affected by specific,
local (microscopic) and stochastic conditions. Investigating
what is the generative mechanism underlying the reported
observations is now a priority in our research.

In conclusion, the need of a detailed understanding of
vesicle formation and solute encapsulation prompts for
more extensive investigation of vesicle populations with
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techniques that do not average out the differences between
vesicles.

Open Questions

Our studies continue since there are still several open
questions around to the phenomena reported here, most of
them related to its mechanism.

The elucidation of the mechanistic details not only
would contribute to fully understanding the role of lipid
membranes in the origin of life context, but could also
allow the development of novel liposome preparation
methods giving a more abundant number of super-filled
vesicles, and this would be significant also for future
applications based on synthetic cells that require high
reaction efficiency.

A list of still open question includes:

e Do small solutes behave like macromolecules (ferritin,
ribosome)?

e Does the entrapment of nucleic acids polymers or
oligomers also obey to a power law? If yes, does
nucleic acids length play a role?

e Since fatty acid vesicles are considered the most
plausible model of primitive membranes, will they be
able to produce the same phenomenology as the shown
cases of phospholipid vesicles? More in general, what
is the role of the chemical structure and of the
properties of the vesicle lipids?

e It has been observed that the highest enrichment factors
are found in very small vesicles (diameter <60 nm).
Why does vesicle size play a role? Are anomalous
encapsulation events, like those reported for ferritin and
ribosomes, observable also in giant vesicles (diameter
>1-2 pum)? (see also Nomura et al. (2003) for a study
on TX-TL reaction inside giant vesicle that possibly
suggests solute overconcentration).

Additional evidence from experiments concerning the
above-mentioned questions will help to understand the
mechanistic details of solute self-concentration inside
vesicles. For example, preliminary data have shown that
anomalous concentration effects, similar to those described
in “Ferritin encapsulation” and “Ribosomes and ribo-
peptidic complexes encapsulation” sections, can be
observed when tRNA and other nucleic acids are entrapped
in phospholipid, as well as pure fatty acid vesicles
(D’ Aguanno et al., manuscript in preparation).

What is the Generative Mechanism Underlying Power
Law Solute Distribution?

We have speculated that the anomalous entrapment derives
from the interplay between vesicle formation and solute/

membrane interaction (Souza et al. 2011). In particular, we
proposed a mechanism whereby empty vesicles are formed
when an open bilayer disc or surface (Lasic 1988) rapidly
closes to give a spherical vesicle [estimated rate ~1 ms™'
(Hernandez-Zapata et al. 2009)], whereas solute-filled
vesicles derive from bilayer disc/surface that close more
slowly because of non-specific interactions (transient
adsorption?) of proteins on their surface or edge (Fig. 7).
Some hints for this mechanism come also from the vesicle
size dependence of internal concentration (Fig. 3b), which
suggests that the number of encapsulated molecules scales
with the area of open lipid bilayer discs/surfaces and/or
with the length of their edge.

According to this hypothesis, due to a slower closure rate,
more solutes will be incorporated in those membranes that
already bound some molecules (a cooperative step). The
driving force for this mechanism can be the release of
hydration shells, whereas, from a kinetic and physical
viewpoint, one should consider that encapsulation is possi-
ble only if a pre-vesicle intermediates (lipid discs/surfaces)
seals not too fast when compared with their encounter rate
with solutes. The latter rate can be estimated by the
Smoluchowski theory, and compared with the average clo-
sure rate of open lipid discs/surfaces (ca. 1 ms™") (for a more
detailed discussion, see Souza et al. (2011). Can this hypo-
thetical mechanism be proven experimentally? Recently
published coarse-grained simulations seem not to support it
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Fig. 7 A hypothesis about the mechanism of empty and solute-filled
vesicle formation. Open bilayers (discs—open surface in three
dimensions) are unstable intermediate structures derived from lipid
self assembly. These bilayer surfaces, after reaching a sufficient size,
can close on themselves and form vesicles (Lasic 1988). Solute
capture must occur before or during bilayer closure, bringing about to
solute-filled vesicles. We assume that the fast closure of the discs/
surfaces brings about empty vesicles, and this is the dominant process
within the vesicle population. In contrast, possibly caused by
stochastic and non-specific solute-bilayer interaction (which tran-
siently “stabilizes” the disc/surface), a slow closure rate could allow
further molecules to be entrapped. Taken from Matteo Allegretti’
Master Thesis (“Liposomes as cellular models: proteins compart-
mentation”, University of Roma Tre, May 2010)
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(van Hoof et al. 2012, 2014), but could stochastic simula-
tions be more informative? Interesting simulations on PURE
systems inside vesicles have been already reported (Lazze-
rini-Ospri et al. 2012; Calviello et al. 2013), but they were
not referring to the physical aspects of solute encapsulation.
On the other hand, Mavelli has shown that according to very
simple hypotheses on the effect of solute adhesion on open
bilayers (slowing their closure rate) it is indeed possible to
obtain a power-law like distribution (Mavelli et al., manu-
script in preparation).

Concluding Remarks

Going back to our initial considerations, one of the inherent
difficulties to explain the origin of the first protocells
starting with a metabolism outside is mostly due to the fact
that the bilayer of phospholipid and fatty acid vesicles is
not permeable to macromolecules. With the mechanisms
described in this review, instead, the incorporation of
biopolymers takes place during—and not after—the for-
mation of the compartments.

Our data and propositions touch on the general scenario
of the origin of life. The encapsulation of macromolecules
above a threshold concentration, as documented in our
work and argued above, can be the preliminary act of an
original prebiotic metabolism. Of course our work is not
relative to the more basic question, namely the biogenesis
of the functional macromolecules, DNA and enzymes in
particular. The origin of ordered sequences of DNA and or
polypeptides in identical copies is still one of the unsolved
questions within the field of the origin of life (Luisi 2007,
2012). Equally unsolved are more specific questions,
whether the initial encapsulation for the pristine metabo-
lism took place only once, or many times; and whether the
original encapsulation was attended by a re-equilibration of
the encapsulated material in the “filled” vesicles. These
fascinating questions are still the subject of intense inves-
tigations in the field.

Another important aspect to note is that in certain cir-
cumstances we have observed intra-liposomal solute con-
centration reaching values similar to the macromolecular
crowding regime of biological cells. It is known that in
crowding conditions, the aqueous volume available for other
molecules in solution is reduced, and this in turn modify
(enhances) the molecular reactivity (Zhou et al. 2008) and
facilitates the protein folding (Tokuriki et al. 2004).

In conclusion, we believe that the new finding of the
spontaneous concentration and crowding may help to solve
the old, unsolved question of the necessary high local
concentration of reactants in protocellular systems and
then, in principle, the origin of metabolism and cellular
structures at the same time.
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