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Abstract

Early compartmentalization of simple biomolecules by membrane bilayers was, presumably, a critical step in the emer-
gence of the first cell-like entities, protocells. Their membranes were likely composed of single chain amphiphiles (SCAs),
but pure SCA membranes especially those with short-chains are highly unstable towards divalent cations, which are ubiqui-
tous in aqueous environments. The prebiotic synthesis of phospholipids (PLs), even in only trace amounts, may also have
been possible. PL membranes are much more stable towards divalent cations. Here, we show the transition of fatty acid mem-
branes to mixed fatty acid-PL and, finally, to PL membranes in the presence of Mg”>", which acts as an environmental selec-
tion pressure, and we propose different mechanisms for the observed increased Mg -immunity. The ““fatal” concentration
(IMg?" Jragar) at which vesicles are disrupted increased dramatically by an order of magnitude from OA to mixed to POPC vesi-
cles. Two mechanisms for the increasing immunity were determined. The negative charge density of the vesicles decreased with
increasing POPC content, so more Mg?" was required for disruption. More interestingly, Mg>" preferentially bound to and
abstracted OA from mixed lipid membranes, resulting in relatively POPC-enriched vesicles compared to the initial ratio. The
effect was the most dramatic for the largest initial OA-POPC ratio representing the most primitive protocells. Thus, Mg>"
acted to evolve the mixed membrane composition towards PL enrichment. To the best of our knowledge, this is the first report
of selective lipid abstraction from mixed SCA-PL vesicles. These results may hold implications for accommodating prebiotic
Mg?*-promoted processes such as non-enzymatic RNA polymerization on early Earth.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The most fundamental requirement for the origin of life
was the emergence of a self-assembling molecular system
capable of both metabolism and replication. The earliest
self-assembling life-like unit, the protocell, was likely an
enclosed entity that protected genetic and metabolic mole-
cules from degradation by conditions in the external envi-
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ronment. It has been assumed that protocell membranes
were composed of single chain ampiphiles (SCAs) such as
fatty acids, fatty alcohols, monoalkyl phosphates and
monoacyl glycerol phosphate esters, because of their prebi-
otic availability and ability to self-assemble into bilayer
structures (Deamer and Ord, 1980; Oro et al., 1990; Apel
et al., 2002; Monnard and Deamer, 2002; Mansy et al.,
2008; Budin et al., 2012; Adamala and Szostak, 2013;
Albertsen et al., 2014; Dalai et al.,, 2016; Kee and
Monnard, 2016; Fiore et al., 2017). In particular, various
SCAs (up to Cy) and polyaromatic hydrocarbons have
been discovered in carbonaceous chondrites (Yuen and
Kvenvolden, 1973; Lawless and Yuen, 1979; Deamer and
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Pashley, 1989; Komiya et al., 1993; Mautner et al., 1995;
Monnard and Deamer, 2002), and fatty acids up to Cy,
were formed via Fisher-Tropsch type (FTT) synthesis under
simulated hydrothermal conditions (Nooner and Oré, 1979;
McCollom et al.,, 1999; Rushdi and Simoneit, 2001;
Foustoukos, 2004).

Single chain amphiphile membranes are capable of
encapsulating and concentrating the building blocks of life,
self-division and are thermostable up to ~ 90 °C (Monnard
and Deamer, 2002; Mansy and Szostak, 2008). A key step
in energy transduction is nutrient uptake and release of
waste products across the membrane. Fatty acid mem-
branes are reported to be permeable towards sugars
(Gebicki and Hicks, 1976; Hargreaves and Deamer, 1978;
Sacerdote and Szostak, 2005), amino acids (Zepik et al.,
2007) and nucleic acids (Mansy et al., 2008). However,
one of the major limitations of fatty acid membranes is
their instability in the presence of salts (Monnard and
Deamer, 2002; Monnard et al., 2002). Modern seawater
contains ~ 500 mM NaCl and over 50 mM Mg*" among
other ions (Berner and Berner, 2012). The dissolution of
minerals from komatiite, the rock comprising ancient ocea-
nic crust, and tonalite, representing primitive continental-
type crust would have resulted in dissolved salts in
Hadean-Archean aqueous environments. Evaporation of
post-weathering solutions would have resulted in even
higher salt concentrations with estimates of ~ 600 mM
NaCl, ~ 0.1 to 10 mM of total dissolved magnesium and
sub-millimolar levels of dissolved calcium. Fatty acid vesi-
cles are disrupted at modest (<1 mM) divalent and moder-
ate (~200mM) monovalent cation concentrations
(Monnard et al., 2002; Chen et al., 2005). The instability
of pure fatty acid membranes towards divalent cations
has posed a significant constraint on studies of model pro-
tocellular membranes under plausible prebiotic conditions.

Mixed vesicles of fatty acids with fatty alcohols, fatty
amines, glycerol monodecanoate or polycyclic aromatic
hydrocarbons are more tolerant of divalent cations
(Hargreaves and Deamer, 1978; Deamer, 1992; Apel
et al, 2002; Chen et al., 2005, Mansy et al.,, 2008;
Namani and Deamer, 2008; Groen et al., 2012; Adamala
and Szostak, 2013). Recently, it has been reported that
nucleobases and sugars prevent the aggregation of decanoic
acid (DA) and stabilize it in 300 mM NacCl (Black et al.,
2013). Thus, mixed SCA vesicles are more likely to have
been stable in salt-rich environments.

In contrast to SCA membranes, the phospholipid (PL)
membranes of modern cells are almost impermeable to
most solutes and, therefore, need specialized transport
machineries for nutrient exchange, and these ion channels
or pumps likely evolved later than the emergence of the first
protocells. The transition of protocell membranes com-
posed predominantly of fatty acid or mixed SCA mem-
branes to PL membranes would, presumably, have been a
necessary step to compensate the limitations associated
with both fatty acid and PL systems. The prebiotic synthe-
sis of PLs, even if only in trace amounts, may have been
possible (Hargreaves et al., 1977; Rao et al., 1982, 1987;
Maheen et al., 2010; Patel et al., 2015), so an intermediate
evolutionary stage in which protocell membranes were

composed of mixed fatty acid-PL vesicles is envisaged. Fol-
lowing this logic, previous studies examined fatty acid-PL
vesicles, but in the absence of divalent cations (e.g.,
Cheng and Luisi, 2003; Budin and Szostak, 2011). It was
shown that mixed vesicles of oleic acid (OA) and 1-palmi
toyl-2-oleoylphosphatidylcholine (POPC) or of OA and
di-oleoyl-phosphatidic acid (DOPA) grow at the expense
of pure OA vesicles. However, the resulting vesicles should
be relatively more OA-enriched than the starting popula-
tion and, hence, less stable towards divalent cations, so
the evolutionary advantage is not immediately apparent.

Among the divalent ions, Mg?" is one of the most
important biologically because it is required at relatively
high (50-80 mM) concentrations for both nonenzymatic
templated polymerization of RNA nucleotides and nonen-
zymatic clay-catalyzed nucleotide polymerization (Ferris
et al., 1996; Joshi et al., 2009; Adamala and Szostak,
2013). It is important to note, however, that Mg>" is not
essential for the formation of short RNA oligomers as long
as specifically pre-treated montmorillonite and a high con-
centration of monovalent alkali cations are present (Joshi
and Aldersley, 2013). Also, it has been shown that Fe?"
can catalyze single-electron transfer reactions by ribosomal
RNA in the absence of oxygen and at mildly acidic pH
(Hsiao et al., 2013). Long chain RNA oligomerization,
however, does seem to require high Mg>" concentrations
and Fe*" may also have a deleterious effect on primitive
membranes, so it is critical to understand the stability of
protocell membranes and their transition to PL membranes
in the presence of divalent cations, especially, high Mg>"
concentrations.

Given the key role of Mg?" in protocell evolution, the
aim of the present work is to quantitatively investigate
the Mg-tolerance of vesicles composed of binary mixtures
of OA and POPC as model protocell membranes (Fig. 1)
and the mechanisms responsible for the increasing Mg-
tolerance as membrane composition changes towards PLs.
In so doing, the role of Mg?" in acting as an environmental
selection pressure in the transition of fatty acid membranes
to mixed fatty acid-PL membranes and, finally, to PL mem-
branes has been revealed. As noted above, membranes com-
posed of DA and decanol (DOH) have been widely
examined as the earliest model protocell membranes by
some workers (e.g., Apel et al., 2002; Monnard and
Deamer, 2002; Sahai et al., 2017). To determine whether
the effects of Mg®" obtained here on OA-POPC vesicles
are more broadly applicable, we also examined the effects
of Mg?" and Ca*" on mixed DA-DOH (1:1 and 2:1) vesi-
cles. To the best of our knowledge, this is the first report
on the evolution of fatty acid membranes towards PL. mem-
branes driven by an ion.

2. MATERIALS AND METHODS

Oleic acid (C18:1, OA) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine  (C16:0-C18:1, POPC) were
obtained from Avanti® Polar Lipids (Alabaster, AL,
USA). Unless otherwise specified, all other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA) at
the highest available purity, and used without further
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Fig. 1. Structures of (A) OA and (B) POPC.

purification. All solutions were prepared with ultrapure
deionized water with a resistivity of 18.2 MQ-cm (Barn-
stead™ GenPure™ xCAD Plus, Thermo Scientific, Rock-
ford, IL, USA).

2.1. Vesicle preparation

Stock solutions of 10 mM OA (pKa=9.85, CVC =
0.02-0.2 mM), OA-POPC (10:1, 5:1, 3:1, and 1:1), POPC
(CVC = <0.025 uM) were prepared separately by dissolv-
ing lipids in chloroform. Organic solvent was removed with
a stream of N, to form a thin lipid film. Samples were then
kept in a vacuum desiccator for 3-4 h to completely remove
chloroform. Afterwards, thin lipid films were rehydrated
with bicine buffer (200 mM, pH 8.5) to form a 10 mM stock
of vesicles and then sonicated for ~ 1 min. All vesicle stock
solutions were gently agitated by end-over-end rotation
overnight prior to use in order to ensure that the vesicles
remain stable. The presence of vesicles in all OA, OA-
POPC, and POPC systems was supported by measuring
the particle size by dynamic light scattering (DLS) size mea-
surements and confirmed by phase contrast light micro-
scopy. In a separate experiment, 50 mM DA-DOH (2:1,
1:1) vesicle stock was prepared in bicine buffer (200 mM,
pH 8.5) to compare the results obtained for mixed OA-
POPC systems.

2.2. Determination of fatal ion concentration

2.2.1. Fluorescence assay

Magnesium tolerance was estimated by defining the
term, fatal magnesium concentration ([Mg”]fml), which
is the amount of Mg that ruptures a majority of vesicles.
The fatal ion concentration ([Mg>" i) to vesicle bilayers
was determined by naphtho[2,3-aJpyrene (NP) fluorescence
assay. Previous studies have used the hydrophobic dye, pyr-
ene, to indicate the presence of vesicles (Vanderkooi and
Callis, 1974; Almgren et al., 1979; Schenkman et al.,
1981; Chen and Szostak, 2004a,b; Chen et al., 2005). In this
study, NP (Molecular Probes, Eugene, OR, USA), a
membrane-soluble dye was used as an indicator for the
presence of intact bilayer membranes. When vesicles form,
NP is concentrated in the lipid bilayer as dimers, known as
“excimers,” that is the state between excited and ground-
state monomers (Fig. EA-1a). These dimers have peaks at
465 and 495 nm, respectively. The fluorescence of NP in
micelle/monomer solutions is characterized by a strong

“monomer” emission at 390 nm and a negligible excimer
peak (Fig. EA-1b). Note that NP may also get concentrated
in lipid aggregates to form excimers that can exhibit fluores-
cence. The lipid aggregates, however, are usually larger in
size than most of the vesicle population.

In detail, 0.1 mM NP stock was prepared by dissolving
in chloroform and then dispatched into a quartz 96-
microwell plate to achieve a final concentration of 0.5 mol
% NP relative to the lipid being investigated (Chen and
Szostak, 2004a.b). The chloroform was evaporated in a vac-
uum desiccator for 30 min. Next, non-extruded lipid vesicle
stock solution prepared as described above (see Section 2.1)
and bicine buffer (200 mM, pH 8.5) were added to each well
to adjust the volume to a final lipid concentration was
2mM for all lipid systems (OA, mixed OA-POPC (10:1,
5:1, 3:1, 1:1, and POPC)). The total lipid concentration
(2as kept low to minimize potentialmM) was kept low to
minimize potential interference of vesicle turbidity on fluo-
rescence. The plate was kept shaking (Open-Air Rocker,
Fisher Scientific, Waltham, MA, USA) for 30 min for equi-
libration. Subsequently, different amounts of MgCl, were
pipetted from a stock solution (50 mM) into the well-
plates to have variable final MgCl, concentrations (0, 2.5,
5, 7.5, 10, 15, 20, 22.5, 25, 27.5, 30, 35, and 40 mM) and
the plate was again placed on the rocker for 1 h. The final
volume, after adding all vesicle stock, bicine buffer and
MgCl, solution, was 250 uL. In some cases, high MgCl,
concentrations (above 40 mM) were prepared from a
200 mM MgCl, stock. The samples were then analyzed with
a Synergy H1 multi-mode plate reader (BioTek Instru-
ments, Winooski, VT, USA) equipped with fluorescence
spectroscopy. All samples were prepared in triplicate and
the entire experiment was repeated twice.

To examine the effect of the vesicle size on the fluores-
cence, experiments were also performed with extruded vesi-
cles passed 11 times through a 200 nm polycarbonate
membrane using a mini-extruder (Avanti® Polar Lipids,
Alabaster, AL, USA) to form homogenous, monodisperse,
and single-bilayer vesicles (Fig. EA-Ic).

2.2.2. DLS particle size assay

The [Mg* Jratar values for OA, mixed OA-POPC and
POPC systems were also identified by DLS measurements.
Vesicles were prepared as described in Section 2.1. The vesi-
cle suspensions were subsequently extruded 11 times
through a 200 nm polycarbonate membrane to form
homogenous, monodisperse, and single-bilayer vesicles
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(Fig. EA-2). The extruded vesicles were then equilibrated
again for at least 1 h. The extruded vesicles in the various
lipid systems were found to have a size range of 160-
200 nm and this size was stable for at least up to 24 h.

Variable amounts of MgCl, were pipetted from a stock
(50 mM) and each lipid system (total lipid concentration =
2 mM) in eppendorf tubes (1.5 mL) to achieve the final con-
centrations (0, 2.5, 5, 7.5, 10, 15, 20, 22.5, 25, 27.5, 30, 35,
and 40 mM) of MgCl,. The eppendorf tubes containing
mixtures of lipid and MgCl, were allowed to equilibrate
for 1h with end-over-end rotation. In some cases, high
MgCl, concentrations (above 40 mM) were prepared from
a 200 mM MgCl, stock.

Aliquots of 400 pL were introduced into disposable
semi-micro cuvettes (BrandTech, Brand GmbH, Wertheim,
Germany) and DLS measurements were conducted at 25 °C
using a ZetaSizer NanoSeries ZS preset with a backscatter-
ing angle of 173° (Malvern Instruments, London, UK).
Particle size was determined one hour after addition of
MgCl, at various concentrations. The average particle
diameter (nm) of each sample serves as an indicator of
lipid-Mg aggregation. The magnesium concentration at
which the particle diameter began to increase beyond the
baseline established by the 0 mM MgCl, sample was
assigned as the [Mg? Jrue. All experiments were conducted
in triplicate and the entire experiment was repeated two
times. The errors bars reflect the standard deviation of trip-
licate measurements. Other concentrations of OA and
mixed OA-POPC (0.25, 0.5, and 1 mM) were also studied
to examine effect of total lipid concentration on [Mg2+:|fatal.

2.2.3. Microscopy

Pure and mixed lipid systems were imaged with phase
contrast light microscopy (Fig. EA-3). Two millimolar of
OA, mixed OA-POPC or POPC vesicles prepared at pH
8.5 (bicine buffer, 200 mM) (see Section 2.1) were pre-
equilibrated overnight prior to use before sampling into
1.5 mL microcentrifuge tubes. A variable amount of a con-
centrated MgCl, stock solution (50 mM) was added to the
vesicle solutions to obtain a final MgCl, concentration
ranging from 0 to 40 mM. After 1 h of the addition of
MgCl, solution to the vesicles, the solution was pipetted
onto a glass slide and viewed with an inverted microscope
(Olympus IX51, Olympus America Inc., Melville, NY,
USA) using a 100 x oil objective lens. Images were
recorded with an sCMOS camera (QImaging, optiMOS,
Surrey, BC, Canada) and were viewed using a cellSens
Dimension 1.7 software.

2.3. Calcein leakage assay

This assay is based on the permeability of encapsulated
calcein, a water-soluble and self-quenching fluorescent dye,
through various lipid membranes as a function of time and
in the presence of different magnesium concentrations. Cal-
cein was encapsulated in vesicles above its self-quenching
concentration (>70 mM). The leakage of calcein results in
its dilution in the extra-vesicular solution, which is mea-
sured as an increase in fluorescence and is reported as a per-
centage decrease in encapsulation.

OA, OA-POPC (10:1, 5:1, 3:1, and 1:1), and POPC were
dissolved separately in chloroform. The solvent was
removed using a stream of N, gas and the sample was then
placed under vacuum for 34 h to ensure complete solvent
evaporation. The lipid film was rehydrated with bicine buf-
fer (200 mM, pH 8.5) and 20 mM calcein to achieve a final
lipid concentration of 20 mM. After brief sonication
(~ 1 min), the samples were freeze-thawed five times to pro-
mote more vesicle formation and, hence, greater encapsula-
tion of the dye. The samples were then allowed to
equilibrate overnight. Samples were extruded 11 times
through a 200 nm polycarbonate membrane using a mini-
extruder (Avanti® Polar Lipids, Alabaster, AL, USA) to
form monodisperse and unilamellar vesicles. Calcein-
encapsulating vesicles were separated from the un-
encapsulated dye by size-exclusion chromatography. In
detail, 350 pL of the sample were loaded in a glass column
(20 cm x 1 cm) filled with Sephadex G-50 medium beads
(Sigma Aldrich, St. Louis, MO, USA). The mobile phase
used was a bicine buffer (200 mM) at pH 8.5. Fractions
were collected (FC204 Fraction Collector, Gilson, Middle-
ton, WI, USA) in a 96-microwell plate (6 drops/well) and
the fluorescence was measured in a plate reader (Synergy
H1, BioTek Instruments, Winooski, VT, USA) at Ex/Em
wavelengths of 495/530 nm (Fig. EA-4a).

Vesicle fractions containing encapsulated calcein were
mixed together. The total volume recovered was
~3.5mL, resulting in a total lipid concentration of
~2mM after column purification. Subsequently, MgCl,
(5-40 mM) dissolved in bicine buffer was added to the vesi-
cles using a multichannel pipette and mixed in a 96-
microwell plate to achieve a final volume of 200 pL. The
addition of Triton™-100X (1%, 4 uL) ruptures the vesicles
immediately and, thus, the remaining encapsulated calcein
leaks out, leading to maximum fluorescence intensity (max-
imum leakage or total vesicle rupture). Kinetics of calcein
leakage were recorded in a plate reader every 15 s for 1.5—
2 h. Each experiment was performed in duplicate and the
entire experiment was repeated two times.

The percentage of encapsulation was calculated accord-
ing to the equation

Encapsulation (%) = 100 x (1 _B 7F0) (1)
Fy—Fo

where F; is the fluorescence at time t, Fj is the fluorescence
at time zero, and Fjis the fluorescence after the addition of
Triton. In practice, Fy was taken as the fluorescence after
five minutes to allow for any initial perturbances or varia-
tions introduced due to the time taken to pipette MgCl,
solution into the microwells.

In Eq. (1) above, it is assumed that fluorescence intensity
depends solely on concentration of calcein that has leaked
out of the vesicle. In reality, other factors may also influ-
ence the fluorescence signal. First, we consider that calcein
(-4 charge) which has leaked out may bind to extra-
vesicular Mg®t. This causes a decrease in free calcein
concentration, hence, a re-quenching and a decrease in flu-
orescence intensity is observed (Fig. EA-4b; Furry, 1985).
The above equation does not account for such situations,
so this effect would appear as an apparent increase in
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encapsulation. Secondly, in the equation above, it is
assumed that all the calcein was removed from the back-
ground (extra-vesicular) solution in the preceding column
purification step before the addition of MgCl,. If column
separation is not optimal, residual calcein remaining in
the extra-vesicular solution may bind to Mg>" and this
would also result in an apparent increase in encapsulation.
Hence, obtaining good column separation is critical (e.g.,
Fig. EA-4a). A third factor that may influence fluorescence
intensity change is if the vesicle size were to increase or
decrease, due to osmolarity difference across the membrane,
thus affecting the internal calcein concentration. In order to
check whether vesicle size changes before and after expo-
sure to Mg”, we determined vesicle size by DLS where
vesicles were prepared in the absence and presence of
0.1 M NaCl in the bicine buffer solution. The vesicle size
remained approximately constant under all conditions
(Table EA-1), suggesting that osmolarity differences did
not affect the fluorescence signal in the calcein leakage
experiments. In summary, the encapsulation calculated
using Eq. (1) primarily provides an estimate of apparent
calcein encapsulation and calcein-Mg binding in the
extra-vesicular solution. Leakage experiments are not
reported for DA-DOH because they are much more leaky
than OA-POC vesicles and even the initial encapsulation
of calcein is problematic.

2.4. Zeta ({) potential measurement

Ten millimolar stocks of OA, mixed OA-POPC, and
POPC vesicles prepared in bicine buffer (200 mM, pH 8.5)
were extruded 11 times through a 200 nm polycarbonate
membrane. The extruded vesicle samples were allowed to
equilibrate with 1 h by end-over-end rotation. Afterwards,
aliquots of extruded vesicle stocks were diluted with bicine
buffer (200 mM, pH 8.5) and 50 mM MgCl, stock in bicine
buffer was added to reach a total lipid concentration of
2 mM and various concentrations of MgCl, (0, 2.5, 5, 10,
20, 30, and 40 mM). The entire system was again equili-
brated for 1 h. Subsequently, a 500 pL sample was filtered
using a centrifuge tube filter with a pore size of 0.22 um
(Costar, Corning, NY, USA) and centrifuged at
10,500 rpm for 5 min in a microcentrifuge (Fisher Scien-
tific™, accuspin 17, Waltham, MA, USA). Zeta potential
measurements of the filtered sample were performed using
a Zetasizer (NanoSeries ZS, Malvern Instruments, London,
UK). All experiments were conducted in triplicate and
repeated twice.

2.5. Lipid analysis by high performance liquid
chromatography (HPLC)

HPLC was used to determine the concentration of each
lipid in the pure and the mixed lipid systems before and
after addition of MgCl, solution. The amount of lipid in
solution before addition of the salt was determined because
there might be small errors in weighing the sample, or
incomplete dissolution of aggregates upon rehydration of
the lipid thin film, or loss during vesicle extrusion or filtra-
tion prior to HPLC analysis. Extruded vesicles were pre-

pared as described above in the section on (-potential
measurement. Afterwards, a 500 pL sample was filtered in
a centrifuge tube filter (Costar, Corning, NY, USA) with
a pore size of 0.22 pm and centrifuged at 10,500 rpm for
5 min. It was assumed that most of the vesicle population
would easily pass through the filter as the size of the
extruded vesicles was 160-200 nm whereas lipid-Mg aggre-
gates, which are expected to be larger, would be trapped on
the filter.

Filtrates were analyzed by HPLC (Nexera 2, Shi-
madzu®, Columbia, MD, USA). In detail, OA and POPC
were separated through a Kinetex 2.6 um Biphenyl 100 A
column, 100 mm x 4.6 mm (Phenomenex®, Torrance, CA,
USA) using a mobile phase of acetonitrile (MeCN)/H,O
(80:20) at a flow rate of 1 mL-min~' (Fig. EA-5a). The
mobile phase was acidified with 0.1% trifluoroacetic acid.
The UV detection wavelength was set at 201 nm using
UV-Vis photodiode array detector (SPD-M30A, Shi-
madzu®, Columbia, MD, USA). The separation was car-
ried out at 40 °C. The quantitation of OA and POPC was
achieved by using a calibration curve. For this, a series of
OA and POPC standards with known concentrations were
prepared. The absolute amount in the injected volume of
standard solution was plotted against the area under the
peak. Both OA and POPC calibration curves were linear
up to S mM, meaning that the Lambert-Beer law was fol-
lowed. All experiments were conducted in triplicate and
the entire experiment was repeated two times. The error is
reported as the standard deviation of the triplicates. Quan-
titation of the DA content in mixed DA-DOH vesicles was
similarly obtained.

3. RESULTS
3.1. Fatal magnesium concentration [Mg>*|¢aar

The [Mg? "] was estimated using different assays. As
the magnesium concentration increases, vesicles are rup-
tured and the ratio of the fluorescence intensity of the exci-
mer to the monomer (Igxc:lmon) decreases. The
magnesium concentration at which the ratio of the fluores-
cence intensity of excimer to monomer (Igxc:Imon) reached
a minimum was assigned as the [Mg?" |1 (Fig. 2). The crit-
ical aggregate concentration (CAC) of pure OA is ~ 0.02 to
0.2 mM (Chen and Szostak, 2004a; Teo et al., 2011; Budin
et al., 2014) while the CAC of PLs is generally <0.025 uM
(Buboltz and Feigenson, 2005), so vesicles are abundantly
present at the present experimental condition of 2 mM total
lipid concentration. In the pure OA system, the excimer/
monomer intensity peaks reached a minimum at ~ 5 mM
MgCl, compared to the system without Mg>*, so this value
was defined as the [Mg”]fml. With increasing relative
POPC content in the mixed lipid vesicles, the minimum
Igxc:Imon ratio increased to ~ 17-20 mM for OA-POPC
(10:1), 25-30 mM for OA-POPC (5:1), and was unde-
tectable up to 40 mM MgCl, for OA-POPC (3:1), OA-
POPC (1:1), and pure POPC (Fig. 2). Thus, the [Mg> Jratal
drastically shifted to higher concentrations as the relative
OA-POPC ratio decreased (Table 1). The effect of the vesi-
cle size on the fluorescence was also examined. The results
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Fig. 2. Fatal magnesium concentration for various lipid systems determined by the naphthopyrene fluorescence assay. Ratio of the 465 nm
NP excimer to the 390 nm monomer peak intensity as a function of MgCl, concentration determined 1 h after addition of MgCl, to the vesicle
suspension. The vertical dashed line indicates the [Mg>* Jruai; not detected for OA-POPC (3:1, 1:1) and POPC systems. [Total lipid] = 2 mM,
pH = 8.5. Square brackets denote concentration. Error bars represent the standard deviation of measurements on triplicate samples.

Table 1
A compilation of [Mg** ] (mM) determined by various assays for pure and mixed lipid vesicle systems. [Total lipid] =2 mM, pH = 8.5.
Square brackets here and in subsequent tables denote concentration.

Assay OA OA-POPC (10:1) OA-POPC (5:1) OA-POPC (3:1) OA-POPC (1:1) POPC
NP-F! 5.0 17-20 25-30 ND ND ND
DLS-size 3.5 20 25 ND ND ND

! Naphthopyrene fluorescence.
2 Particle size by DLS; ND: Not Detected (see text for details).

showed a similar [Mg? Ju values as for non-extruded
vesicles (Fig. EA-1c).

If the effect of increasing Mg>" concentration is to
totally rupture the vesicles and cause aggregation of the
lipids, then one might expect to see a concomitant increase
in particle size from vesicles to aggregates, which can be
determined by DLS (Fig. 3). Unilamellar and monodisperse
vesicles prepared by extrusion through a 200 nm polycar-
bonate membrane were found to be ~ 160-200 nm
(Fig. EA-2). Increase in particle size above 200 nm was
taken to indicate the presence of both vesicles and aggre-
gates as confirmed by phase contrast microscopy
(Fig. EA-3). The magnesium concentration at which the
particle diameter increased above 300 nm after addition
of Mg>" was assigned as the [Mg® ' Jrual as determined by
DLS (Fig. 3, Table 1). For instance, it was found that
3.5mM Mg”>" was needed to disrupt OA vesicles, whereas
an eightfold greater amount of Mg>" was needed to show
disruptive effects on the OA-POPC (5:1) mixed system. A
[Mg2+]fata] was not detected for OA-POPC (3:1, 1:1) and
pure POPC systems.

The substantial increase in the stability of mixed OA-
POPC and POPC vesicles compared to pure OA vesicles
was also confirmed by phase contrast microscopy

(Fig. EA-3). Note that most of the vesicles are below the
resolution limit of the miscroscope. Even so, some stable
vesicles >800 nm were observed in all the lipid systems in
the absence of MgCl,. For pure OA, lipid crystals appeared
following the addition of ~ 2 mM MgCl,, but vesicles con-
tinued to coexist. The microscopy results remind us that the
lipid systems consist of different phases in equilbrium with
each other under different solution conditions. Thus, a
small fraction of aggregates might still be present even at
magnesium concentrations below fatal. In the pure OA sys-
tem predominantly vesicles were observed at [Mg®']
<5mM, and crystals of OA were observed at higher
Mg®" concentrations (Fig. EA-3). In the OA-POPC (3:1)
system at 40 mM MgCl,, some lipid-Mg?>" aggregates were
observed in addition to vesicles. In the case of OA-POPC
(1:1) and POPC systems, predominantly vesicles were seen
up to 40 mM MgCl,.

Results from fluorescence spectroscopy, particle size
measurement experiments and phase contrast microscopy
all demonstrated that mixed membranes with relatively
higher POPC content display greater robustness towards
magnesium and the quantitative values of the fatal magne-
sium concentrations determined by the various assays were
consistent (Table 1).
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Fig. 3. The particle diameter (nm) of various lipid systems prepared as extruded vesicles as a function of the added MgCl, concentration. The
vertical dashed line indicates the [M g2+]fa[ﬂ]. A M gH]fml could not be detected for OA-POPC (3:1, 1:1) and POPC systems. [Total lipid] =
2 mM, pH = 8.5. Square brackets denote concentration. Error bars represent the standard deviation of measurements on duplicate samples.

In addition to determining the [Mg>" Jraea at [total lipid]
=2 mM, lower lipid concentrations of 0.25, 0.5, and 1 mM
were also examined for all vesicle systems. For a given OA-
POPC ratio, vesicles were more resistant to Mg2+ ions as
the total lipid concentration increased (Table EA-2). Our
results emphasize the caveat that, when citing fatal magne-
sium concentrations, the corresponding total lipid concen-
tration should also be specified. The results above relate
to estimates of membrane stability at a fixed time point
after the addition of MgCl,.

3.2. Vesicle membrane permeability

We next examined the response of the various vesicle
systems to Mg>" over time by determining changes in mem-
brane integrity (permeability). The retention of an enclosed
molecule is an important aspect of a stable membrane for
the survival of a model protocell; yet some mass-exchange
with the extracellular environment is required for
maintenance.

Vesicles in all the lipid systems were nearly impermeable
to calcein in the absence of MgCl, (Fig. 4, black curves),
which is known previously for OA and POPC (Mansy
et al., 2008; Sahai et al., 2017). The presence of only
5 mM MgCl, was able to completely disrupt pure OA vesi-
cles within a few minutes (Fig. 4). For the OA-POPC (10:1)
system, the curve at [Mg?"]= 5 mM showed a small initial
decrease in encapsulation within the first 10 min, then
increased back up to about 100% within the first 30 min,
followed subsequently by a gradual decrease and reached
steady state by 50 min. Similar trends were observed at
the higher magnesium concentrations, but the changes were
more dramatic. At the higher Mg?" concentrations, 20% of
the calcein had leaked out in the first 10 min and the vesicles
were totally ruptured by 20 min. The percentage of encap-

sulated calcein seemed to increase and reached steady state
by about 50 min. As discussed above, the apparent increase
in encapsulation can be explained by the fact that after
leaking out, calcein binds strongly to extra-vesicular
Mg*" and is re-quenched, so the fluorescence intensity
decreases again. In summary, the [Mg> | for the OA-
POPC (10:1) system is greater than that of the pure OA sys-
tem for up to at least 6 h.

The OA-POPC (5:1) system behaved similarly to the
(10:1) system except that the apparent encapsulation was
>100% for the course of the experiment at [Mg®']=
5 mM. The apparently >100% encapsulation suggests that
the vesicles are leaky but have not ruptured. The curves
at [Mg?']=20mM and 30 mM were very similar, and
the minimum percentage of encapsulation achieved at these
concentrations was marginally more than in the presence of
40 mM MgCl,.

The kinetics of apparent encapsulation in the OA-POPC
(3:1), (1:1), and pure POPC systems were similar to each
other in that the values were >100% at all time points indi-
cating that the vesicles remained intact, though leaky; and
the leaked-out calcein was re-quenched by binding to
Mg?" outside the vesicles. Secondly, for each lipid system,
the apparent encapsulation of >100% was maximum at
the highest MgCl, concentration and decreased as magne-
sium concentration decreased. This indicates that mem-
branes were the most leaky at the highest magnesium
concentration though they were not ruptured entirely. It
was observed in the OA-POPC (3:1) system, that the curves
for 5 and 20 mM Mg were nearly identical and were sepa-
rated from the 30 and 40 mM curves, which were similar
to each other. By OA-POPC (1:1), the situation had pro-
gressed to 20 and 30 mM being almost identical whereas
40 mM was separate, and for pure POPC the 5, 20 and
30 mM curve were all very close while the 40 mM curve
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Fig. 4. Kinetics of apparent calcein leakage from various lipid systems at different concentrations of MgCl,. The red, green, yellow and blue
curves represent [MgCl,] =5, 20, 30 and 40 mM, respectively. Error bars obtained on duplicate samples are not shown for clarity. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

was still separate. The convergence of the apparent encap-
sulation curves obtained at lower and higher magnesium
concentrations as the OA-POPC ratio decreases also indi-
cates increasingly robust vesicles. In summary, the results
of the above experiments show that the vesicles are more
immune to Mg”" as their POPC content increases. Finally,
for some systems such as OA-POPC (1:1), (3:1) and (5:1),
and even for (10:1) at low magnesium concentration, some
leakage occurs without disrupting the vesicles completely,
thus providing a semi-permeable membrane.

3.3. Lipid quantitation

In subsequent experiments, we quantitatively deter-
mined the concentration of OA and POPC in the mem-
branes before and after their interaction with Mg>" ions
(Table 2, Fig. 5). When mixed lipid vesicles are prepared,
it is always assumed that the lipid concentrations in the
vesicles are the same as in the bulk mixing ratio. We first
tested this assumption by determining OA and POPC con-
centrations by HPLC analysis in each lipid system in the
absence of Mg?t. Small variations were found between
the assumed bulk concentrations and the actual concentra-
tions (Table 2). For example, the pure OA system was sup-
posed to contain 2 mM total lipid, but it actually contained
1.5 mM OA and the OA-POPC (10:1) system actually had a
ratio of 10.9:1. These variations could be attributed to
human error during sample preparation as well as some
lipid loss due to incomplete dissolution of lipid aggregates
and removal of these aggregates during the extrusion and/
or filtration steps prior to HPLC analysis. After 1 h of
interaction with 5 mM Mg?" in the pure OA system, almost
no OA was detected indicating that nearly all the OA was
removed.

In the case of the assumed (10:1) OA-POPC system, at
5mM MgCl, which is below the [Mg*t ] only,

0.67 mM OA and 0.15 mM POPC were left in the vesicles.
This indicated a dramatic drop in the OA-POPC ratio
down to ~4.5:1 compared to the actual initial ratio of
10.9:1. At ~ 30 mM MgCl,, which is near [Mg** Jrua1, only
0.06 mM OA and 0.04 mM POPC remained in the filtrate
as compared to the starting values of 1.74 mM OA and
0.16 mM POPC (Table 2, Fig. EA-5b and Table EA-3).
Since the CAC of OA is ~ 0.02 to 0.2 mM, this remaining
OA concentration of 0.06 mM would be insufficient for
the formation of OA vesicles. About 0.04 mM POPC also
remains, which is greater than its CAC <0.025 pM, so
any vesicles present would be predominantly POPC in com-
position. This inference is also consistent with the observa-
tion, that the absolute concentration of OA in the vesicles
decreases significantly whereas POPC concentration
decreases only slightly. This behavior suggests that Mg>*
binds more strongly to the negatively-charged OA head-
group than the zwitterionic PC headgroup. Nonetheless,
some binding of Mg>" to the phosphate moiety of PC does
occur and may still abstract some POPC at the higher mag-
nesium concentrations (Table 2). The binding of Mg** to
POPC is also reflected in the {-potential values measured
for vesicles in the presence of magnesium (Table EA-4).
For the pure POPC system, the {-potential is close to 0
mV at the lower magnesium concentrations but becomes
positive above [Mg®>t]=30 mM; and for the mixed lipid
systems, the (-potential values are close to zero above
[Mg?"Jtaear. This suggests that magnesium can still bind to
POPC, but removing it from the membrane is far less effi-
cient than for OA.

Similar behavior was also observed for the nominal
(5:1), (3:1) and (1:1) systems. In each case, the actual OA-
POPC ratio was much lower than the bulk lipid mixing val-
ues. Indeed, the relative enrichment of the vesicles was even
reversed for some systems such as the nominal (1:1) system
at 30 mM and 40 mM MgCl, where the ratio evolved to
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Table 2
Concentration and ratio of OA and POPC (mM) in pure and mixed vesicles after 1 h interaction with MgCl,. Error bars, calculated as the
standard deviation of triplicate samples, were within +0.04 mM. [Total lipid] = 2 mM, pH = 8.5.

MgCl, (mM)  Lipid OA OA-POPC (10:1)  OA-POPC (5:1)  OA-POPC (3:1)  OA-POPC (1:1)  POPC

0 OA 1.5 1.74 1.56 1.33 0.93 -
POPC - 0.16 0.33 0.46 0.96 1.99
Ratio — 10.9:1 4.7:1 2.9:1 1:1

5 OA - 0.67 0.82 0.61 0.77 -
POPC - 0.15 0.31 0.41 0.96 -
Ratio No vesicles 4.5:1 2.7:1 1.5:1 0.8:1

20 OA - 0.23 0.51 0.54 0.6 -
POPC - 0.1 0.21 0.36 0.91 1.94
Ratio 2.3:1 2.4:1 1.5:1 0.7:1

30 OA - 0.06 0.19 0.38 0.41 -
POPC - 0.04 0.12 0.29 0.78 -
Ratio 1.5:1% 1.6:1* 1.3:1 0.5:1

40 OA — - 0.03 0.38 0.4 -
POPC - - 0.12 0.27 0.86 1.9
Ratio 1.6:1* 1.4:1 0.5:1

* Some vesicles exist, expected to be predominantly POPC in composition.
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Fig. 5. Relative amount of OA-POPC in various mixed OA-POPC vesicle systems in the presence of MgCl, as determined by HPLC. [Total
lipid] = 2 mM, pH = 8.5. Square brackets denote concentration. Error bars represent the standard deviation of measurements on triplicate
samples.

0.5:1. These results unambiguously showed that there was a
preferential selection of one lipid (OA) over another
(POPC) by Mg?" in the mixed lipid systems. Therefore,
stable vesicles with a higher POPC content than initial were
present below the [Mg”]faml.

In the nominal 10:1 system at 20 mM MgCl, the actual
OA-POPC ratio of 2.3:1 compares well with the actual ratio
of 2.7:1 in the nominal 5:1 system at 5 mM MgCl,. Simi-
larly, in the nominal 10:1 and nominal 5:1 systems at
30 mM, the actual ratios of 1.5:1 and 1.6, respectively, are

like the actual ratio of 1.5:1 in the nominal 3:1 system at
all magnesium concentrations. Thus, even a small amount
of POPC in the initial mixed lipid system when exposed
to increasing Mg>" concentrations, results in evolution
towards POPC-rich membranes and, hence, more robust.

3.4. Mixed DA-DOH vesicles

It has been proposed that the most primitive protocells
would have possessed membranes composed of short chain
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fatty acids (C < 10). Decanol does not form vesicles by itself
but mixtures of DA-DOH have been widely studied (e.g.,
Apel et al., 2002; Monnard and Deamer, 2002; Sahai
et al., 2017). The fatal concentrations of Mngr and Ca’"
for mixed DA-DOH (1:1 and 2:1) and pure DA vesicles
were determined by DLS and fluorescence as described
above for OA-POPC systems. As expected, higher fatal
concentrations of Mg®" (7-10 mM) and Ca’" (<5 mM)
were found for the DA-DOH (1:1 and 2:1) systems than
for pure DA vesicles ((Mg> Jua~1 to 1.5mM and
[Ca® Jata ~ 1 mM), and the fatal concentrations for all
DA-DOH systems were much smaller than for OA-POPC
system. These results confirmed previous work, that (i)
DA stabilizes mixed DOH vesicles compared to pure
DOH, which is not vesice-forming; (ii) membranes are more
susceptible to Ca®* than to Mg?; and (iii) DA-DOH are less
stable than OA-POPC (e.g., Apel et al., 2002; Monnard and
Deamer, 2002; Mansy et al., 2008; Sahai et al., 2017).

The DA concentration in mixed DA-DOH (1:1 and 2:1)
vesicles after 1 h exposure to MgCl, and CaCl, solutions of
various concentrations was determined by HPLC. The
results showed that both Mg®" and Ca®" can selectively
abstract DA from mixed DA-DOH vesicles at concentra-
tions of ~ 5 to 10 mM, and the effect of Ca>" is more pro-
nounced as reflected in the very low concentrations
(Fig. EA-6). Thus, both cations were was able to shift the
vesicle composition towards relative DOH enrichment.

4. DISCUSSION

The results of the above experiments show that the
Mg -tolerance of the vesicles increases with increasing
POPC content of the vesicle and increasing total lipid
concentration.

4.1. Mechanisms for Mg>*-immunity

We propose at least two main mechanisms for the
increased Mg*"-tolerance of the mixed lipid vesicles with
increasing POPC content and discuss data providing evi-
dence for each hypothesis. The first is related to the net
charge density of the vesicle and the second involves the
ability of Mg to bind to fatty acid head groups.

4.1.1. Vesicle charge density
The increasing immunity of the vesicles with increasing
POPC content is likely an effect of the neutrally-charged

OA-rich vesicle

POPC-rich vesicle

(zwitterionic) head group of POPC. As POPC content of
the vesicles increases and the content of the negatively-
charged head group (OA) decreases, the net negative charge
density of the vesicles is expected to decrease. Conse-
quently, more Mg®>" should be needed to disrupt the
vesicles. This hypothesis was explored by determining the
{-potential of the vesicles in the various lipid systems in
the absence of magnesium (Table EA-4). Consistent with
our expectation, {-potential was —88.6 mV for pure OA,
—80.9 mV for OA-POPC (10:1), —75.7 mV for OA-POPC
(5:1), —49.3 mV for OA-POPC (3:1), —52.6 mV for OA-
POPC (1:1), and —0.1 mV for pure POPC.

4.1.2. Preferential selection of a lipid in a mixed membrane

We also hypothesize that increasing Mg -immunity is
conferred on the vesicles as the OA-POPC ratio decreases,
because Mg?" preferentially binds to the negatively-charged
OA head group and selectively abstracts it from the mixed
lipid vesicle, thus relatively enriching the vesicle in POPC
(Fig. 6, Table EA-3). Since POPC and PLs, in general,
are known to form more impermeable membranes than
fatty acids, the vesicles become increasingly more Mg>'-
tolerant. Thus, we have shown an active role for Mg2+
whereby the vesicle composition was changed compared
to the bulk mixing ratio of the lipids.

4.1.3. H -bond and van der Waals bonds

In addition to charge-based arguments, the increasing
stability conferred by POPC could partially be due to the
formation of hydrogen bonds between the —NH37 moiety
of the POPC head group and the —COO ™ group of OA in
the membrane bilayers (Cistola et al., 1988; Monnard
et al., 2002; Budin and Szostak, 2011). Moreover, more
favorable van der Waals interactions exist between the dia-
cyl tails of a PL molecule and the monoacyl tail of a fatty
acid molecule than between the monoacyl chains of two
fatty acid molecules. This increases the bilayer order
(Silvius and Leventis, 1993) and hinders abstraction as PL
content increases.

4.2. Effect of total lipid concentration

The increasing [Mg? | Wwith increasing total lipid
concentration can be explained by considering the CAC
of lipids, which is the minimum concentration needed
for the formation of micelles or vesicles. Below the
CAC, lipid monomers exist, whereas vesicles and some

OA-Mg?*aggregate

Fig. 6. Schematic of Mg?" interaction with mixed lipid vesicles. The ratio of OA-POPC significantly decreases after the addition of MgCl,

because Mg preferentially binds to and removes OA.
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micelles predominate above the CAC. As concentration
increases above the CAC, the relative ratio of vesicles to
micelles increases (Budin et al., 2012). In the present
experiments, all the concentrations (0.25-2 mM) were
above the CAC, but as concentration was decreased below
2 mM, the vesicle to micelle ratio decreased. Micelles are
smaller than vesicles resulting in a relatively higher charge
density and, hence, less magnesium is required to aggre-
gate the lipids and remove them from solution at a given
OA-POPC ratio.

4.3. Comparison with other lipid systems

The effect of divalent cations on phosphoserine (PS)-PC
membranes prepared as vesicles or as supported lipid bilay-
ers is worth comparing with our OA-PC system. We have
shown that Mg?" can bind to and abstract fatty acids from
membranes because monoacyl chain fatty acids are highly
mobile. Ca*>", Mg>", Zn®* and Ni** may bind to the
negatively-charged head group of PS in a mixed PS-PC
membrane without disrupting the bilayer structure, pre-
sumably because of the stronger diacyl chain interactions
in PLs compared to OA and DA in the present study
(Lau et al., 2006; Monson et al., 2012; Cong et al., 2015).
Even the more strongly binding Cu?" ion, which forms a
Cu-PS; complex in a cis conformation (Kusler et al.,
2016) did not disrupt a mixed PS-PC supported lipid bilayer
at low ion concentrations (1 pM-0.1 mM) (Monson et al.,
2012; Cong et al., 2015). However, vesicles of PS-PC may
be disrupted at very high Cu®>" concentrations (0.1 M) but
selective lipid abstraction was not discussed by those
authors (Lau et al., 2006). Thus, the binding of Mg** to
OA and the selective abstraction of OA from mixed OA-
POPC vesicles seems to be unique or, at least, is reported
for the first time.

We have demonstrated above that both Mg and Ca*"
can selectively abstract DA from mixed DA- vesicles thus
relatively depleting the vesicle in DA, and that Ca®" is even
more fatal than Mg>". Two conclusions may be drawn
from these results. First, the ability of these divalent cations
to selectively abstract negatively charged lipid from mixed
lipid vesicles is generally applicable over a wide range of
lipid types. In the case of DA-DOH vesicles, for a given ini-
tial DA-DOH ratio, removal of DA would tend to destabi-
lize the resulting vesicle by relatively enriching it in DOH,
which does not form vesicles on its own. In contrast,
removal of OA from each OA-POPC system makes the
resulting vesicles more stable than before exposure to
Mg?". Thus, selective removal of negatively charged lipids
stabilizes mixed vesicle systems when the other lipid is a
more stable vesicle-former. Secondly, the results obtained
on DA-DOH vesicles in the presence of Mg?™ and Ca"
can be compared to results showing the ability of Cu®* to
disrupt vesicles at very high concentrations. The Ca*" ion
is less strongly hydrated than is Mg?*, so it is easier to des-
olvate Ca®" and bind it to the negatively charged head
group of DA compared to Mg>". The Cu®" ion is strongly
hydrated but, at high enough concentrations, Cu®" presum-
ably forms enough complexes with PS to be able to abstract
it from the vesicle.

4.4. Mg** as an environmental selection pressure for
membrane evolution

The above results demonstrate that Mg®" acts as an
environmental selection pressure for the evolution of mem-
branes from pure fatty acid to mixed fatty acid-PL and,
eventually, pure PL membranes. Interestingly, the effect
of Mg®" as a selection pressure is the most dramatic at
the largest OA-POPC (10:1) ratio, i.e., for the most model
system representing the more primitive protocell mem-
brane. Thus, 97% OA was abstracted from the nominal
(10:1) system whereas only 66% OA was abstracted from
the nominal (1:1) system at 30 mM MgCl, (Table EA-2).
In summary, the present HPLC results provide a unique
mechanism for membrane evolution towards stable modern
PL vesicles in the presence of Mg*" salts.

A wide variety of geochemical environments on ancient
Earth including oceans, tidal pools, brackish estuarine lakes
and inland lakes have been proposed as potential settings
for the concentration and assembly of prebiotic precursor
molecules for protocells. These environments reflect all pos-
sible ionic strengths, and magnesium and ferrous iron were
probably ubiquitous because of leaching from minerals in
komatiitic and tonalitic crustal rock. Komatiite and basal-
tic rocks are also known to exist on Mars and many of the
solid moons of Jupiter and Saturn. Evidence for weathering
and deposition of salts of Mg and other cations is wide-
spread on Mars and may also be on other solid worlds.
Mg®" or Fe?' are necessary to activate the ribozyme or
ribosome, which initiates RNA replication and one-
electron transfer reactions (Adamala and Szostak, 2013;
Hsiao et al., 2013). Therefore, it is plausible that mixed
fatty acid and PL membranes might have supported ribo-
zyme activation and the emergence of encapsulating and
replicating RNA. The increased stability of mixed SCA-
PL membranes in the presence of divalent cations would
also help in the emergence and evolution of metabolic
machinery such as a proton gradient (Hsiao et al., 2013;
Lane, 2015) and self-reproducing catalysts for further PL
synthesis (Hardy et al., 2015). Thus, Mg>" and other diva-
lent cations that are virtually ubiquitous in aqueous geo-
chemical environments could have provided an
environmental selection pressure required for primitive cells
to evolve into more robust compartments. In such scenar-
ios, the availability of prebiotically synthesized PL mole-
cules would have been an important limiting factor on the
rate of evolution of the lipid membranes towards PL-rich
compositions.

5. CONCLUSIONS

In summary, the present results showed that mixed OA-
POPC vesicle systems are significantly more tolerant
against rupture by Mg®" than vesicles composed of OA
alone. It was also shown here that vesicles are stable while
still being semi-permeable at specific ratios of OA-POPC
and can survive even in the presence of high concentrations
of magnesium at mildly alkaline pH conditions. From an
origins-of-life perspective, these results suggest that even
the earliest protocell membrane composed of mixtures of
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predominantly fatty acids and only trace concentrations of
PLs synthesized abiotically may have been viable under
such solution conditions.

At least two mechanisms were identified for the increas-
ing Mg -immunity of  mixed fatty acid-
phosphatidylcholine vesicles including reduction in vesicle
charge-density, and a unique, active role for Mg®" in selec-
tively binding OA and abstracting it from solution. Signif-
icantly, the latter effect was most dramatic at the highest
OA-POPC ratios, which represent the most primitive mem-
branes. Thus, the membrane composition of protocells
could have evolved in the presence of a strongly-binding
cations from the initial fatty acid composition towards
more resistant PL-rich compartments, which offer several
evolutionary advantages over fatty acid membranes.
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