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Synopsis

Influence of amphiphile composition on properties of model primitive membranes
and its implications for the origins of early cellular life

Susovan Sarkar, B.Sc., Calcutta University

Introduction:

Semipermeable boundaries composed of amphiphiles are considered to be crucial
for the emergence of cellular life on the early Earth?*. In this context, protocells have
been studied as the earliest forms of cellular life, which are suggested to be
composed of heritable polymers (presumably RNA) and minimal metabolic reactions
that are encapsulated within vesicular compartments!-2. Unlike the contemporary
biological membranes, model protocellular membranes are thought to have been
relatively simpler and composed of single chain amphiphiles (SCAs)3®. These SCAs
could have come about on the early Earth either by endogenous synthesis, or via
exogenous delivery®”’. In this context, fatty acids have been studied extensively
because of their prebiotic relevance, ability to assemble into cell-sized vesicles and
the capacity to encapsulate different kinds of solutes*> 8. Unlike diacyl
phospholipids, fatty acid vesicles possess properties such as high permeability to
solutes and increased fluidity due to their unique dynamic nature, which are crucial
to support the emergence and sustenance of protocells®. However, self-assembly of
fatty acids is known to be really sensitive to the changes in its environment°. Thus,
they can undergo structural transitions in response to different environmental
conditions!®t, Towards this, in my doctoral studies, | used a combinatorial
approach to construct model protocellular membrane systems using fatty acids and
other SCAs. | characterized the self-assembly behaviour and physicochemical
properties of these composite systems under different environmental conditions as
discussed in Chapter 2. Next, | evaluated the structural and chemical stability of
these mixed model protocellular membranes under multiple wet-dry cycles, a
geological feature with important implications for life’s origins as discussed in
Chapter 3. Following this, | delineated the self-assembly behaviour and membrane-
forming ability of mono-n-dodecyl phosphate (DDP; an alkyl phosphate), a novel
prebiotically relevant SCA (an alternative for fatty acid-based membranes), as
detailed in Chapter 4.
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Chapter 1: Model protocellular membrane compartments (Sarkar et. al, 2020;

The Journal of Membrane Biology)

Fatty acid monomers can assemble only in a narrow pH regime near to the pKa of
acid head group and possess high critical bilayer concentrations (CBCs); this is the
threshold concentration at which the monomers start assembling into bilayer
structures'®-1?, Fatty acids are also cation sensitive detergents, i.e. in the presence of
cations, they form soap-crystals!3. However, nucleic acids like self-replicating
ribozymes that are at the crux of the RNA world hypothesis, require Mg?* for their
catalytic activity*4. This makes pure fatty acid based membranes incompatible to
support protocellular life forms. Towards this end growing literature suggests that the
lack of stability of fatty acid membranes can be compensated by adding additional
supporting co-surfactants®® 1516, However, earlier studies have largely overlooked
the probable complexity of protocell membranes and predominantly focussed on
binary membrane systems. It is fair to assume that the physicochemical properties of
protocellular membrane compartments would have largely been influenced by the
early Earth environment* 1718, Various environmental conditions (e.g. pH variations,
presence of ions, rainfall and flooding events leading to dilution, wet-dry cycles etc)
would have acted in concert, as a combination of prebiotic selection pressures,
shaping the evolutionary landscape of prebiological membranes'®1°. Towards this
end, | aimed to discern how prebiotically pertinent environmental constraints would
have acted as important selection pressure(s) to shape the evolution of protocellular
systems. Further, | also evaluated the membrane-forming ability of mono-n-dodecyl
phosphate (DDP), a prebiotically relevant SCA, as a prebiotically viable alternative

for fatty acid-based membranes.

Chapter 2: Influence of compositional diversity on the self-assembly,
membrane stability and survivability of model protocellular membrane

compartments (Sarkar et al. 2020; SciRep)

First, we aimed to understand the influence of protocell membrane composition on
the self-assembly behaviour, membrane stability and physicochemical properties of
the compartments, under different environmental conditions. We set out to
characterize the physicochemical properties of composite binary and tertiary

membrane systems. These systems comprised of a fatty acid, fatty alcohol and
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glycerol monoester of the fatty acid in varying ratios, to address how compositional
diversity can influence protocellular membrane properties. Fatty acids of two different
chain lengths, i.e. oleic acid (OA, C18) and undecylenic acid (UDA, C11), were
mixed with their corresponding alcohol and/or glycerol monoester derivatives, and
used as a proxy for mixed membrane protocellular systems. Fatty alcohols and
glycerol monoester derivatives were chosen because of their prebiotic relevance>-2°.
The prebiotically relevant physical parameters that were characterized included their
formation under neutral to alkaline pH, their critical bilayer concentration (CBC), ionic
stability and the permeability of all the aforesaid systems. Our results demonstrate
that the mixed membrane systems are indeed more stable and robust under diverse
environmental selection conditions. Therefore, we make a case for how these would
have been more suitable to support protocellular life forms. Systems containing
different derivatives possess different survival rates when subjected to a specific
selection pressure. Our results illustrate that the head groups of these SCAs play an
important role in stabilizing the membranes under specific selection conditions. An
important result of this study is the demonstration that the tertiary system, being the
most heterogeneous, possessed the best chance at survival when subjected to
multiple selection pressures, i.e. by combing all three conditions (i.e. alkaline pH,
dilution and divalent cation exposure) in a sequential manner. When put together,
these results indicate that different prebiotically pertinent selection pressures would
have shaped the evolution of protocellular membranes in a manner that was

predominantly determined by their composition.

Chapter 3: Influence of wet-dry cycling on the self-assembly and
physicochemical properties of model protocellular membrane systems.
(Sarkar et al. 2021; ChemSystemsChem)

Fluctuating environments on the prebiotic Earth that would have been driven by
thermal evaporation, geyser activity, rainfall etc., give rise to wet-dry cycles!®19,
Such naturally recurring wet-dry cycles have been demonstrated to promote
formation of biopolymers form different building blocks?-23, Despite the imminent
relevance of wet-dry cycles on the prebiotic Earth, and its undeniable role in the
formation of biopolymers, its influence on the physicochemical properties of model
protocellular membranes has been largely overlooked. Given this, we aimed to

investigate the self-assembly, physicochemical properties and the chemical stability
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of model protocellular membrane systems composed of C18 chain length, under
multiple wet-dry cycles. A total of four systems, viz. the oleic fatty acid system, two
binary systems containing oleic acid with either the oleyl alcohol or the monooleate
derivative, and the tertiary system containing all the three components were used.
The ability of preformed vesicles to reassemble into bilayer structures over multiple
wet-dry cycles was evaluated. The influence of multiple wet-dry cycles on the
physicochemical properties of these model membrane systems was also
characterized using different solvatochromic probes. We also evaluated the
encapsulation efficiency of model protocell membranes in these scenarios. The
results from this study confirm that the protocell membranes composed of C18
based SCAs readily reassemble into vesicles under multiple wet-dry cycles.
Furthermore, in-depth characterization of the self-assembled structures reveal
changes in the composition and the physicochemical properties of these model
membrane systems. Multiple wet-dry cycles were found to influence properties such
as vesicle size and percentage encapsulation. Moreover, the effect of multiple wet-
dry cycles on the different properties of the membranes also seem to depend on the
membrane’s composition. Our study indicates how multiple wet-dry cycles would
have played an important role in shaping the molecular evolution of protocellular

membranes.

Chapter 4: pH-responsive self-assembled compartments as tuneable model

protocellular membrane systems. (Sarkar et al. 2022; bioRxiv)

The ability of SCA’s to form vesicles only within a narrow pH regime, results in
significant shortfalls and limits the environments that would have been suitable for
the emergence of early cellular life#> 2425, Our previous work demonstrated that
addition of co-surfactants (fatty alcohol and glycerol monoester of fatty acid) can
stabilize fatty acid based vesicles in alkaline pH regimes but not in acidic pH
conditions. Towards this, we aimed to systematically characterize the self-assembly
behaviour of mono-N-dodecyl phosphate (DDP), a prebiotically plausible
amphiphile?®-27 and discern its membrane’s physicochemical properties. We explored
the aggregation behaviour and vesicle formation propensity of DDP from pH 2 to 10.
The effect of addition of varying ratios of 1-dodecanol (DOH) on the self-assembly
and membrane properties of DDP-DOH mixed systems, was also characterized.

Remarkably, our results show that DDP alone can assemble into vesicles over a
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wide range of pH, all the way from pH 2 to pH 10 in a pH dependent manner.
Interestingly, DDP membrane properties were found to be responsive to pH
changes. We also studied the high-temperature behaviour of both pure DDP and
DDP-DOH mixed membranes, by varying temperature between under different pH.
We also compared these properties with other conventional fatty acid based
membranes. On comparing the properties of DDP membranes with different
diacylphospholipid and fatty acid based membranes at pH 8, DDP membranes
showed similar micropolarity as diacylphospholipid membranes. Nonetheless, DDP
membrane packing was similar to that of fatty acid based membranes indicating their

unique dynamic nature.
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ABSTRACT

Influence of amphiphile composition on properties of model primitive membranes
and its implications for the origins of early cellular life

Susovan Sarkar, B.Sc., Calcutta University

Membrane compartmentalization is considered a feature fundamental to the origin,
evolution, and maintenance of cellular life on Earth. Prebiotic membranes are
thought to have preceded contemporary membranes and composed of single-chain
amphiphiles (SCAs) such as fatty acids and their derivatives. Recent studies indicate
that prebiotic environmental conditions would have directly influenced the biophysical
properties of protocell membranes. Given this, | aimed to discern how prebiotically
pertinent environmental constraints would have acted as important selection
pressure(s) to shape the evolution of protocellular systems. | started out by
generating model protocell membrane systems by mixing fatty acids of different
chain lengths with other co-surfactants. The vesicle formation, its stability, and the
properties of these model membrane systems were then evaluated as a function of
multiple environmental factors, including varying pH, Mg?* ion concentrations,
dilution regimes, etc. Our results show that compositionally diverse membrane
systems are amenable to readily forming compartments that are more stable and
robust under multiple selection regimes. | evaluated the structural and chemical
stability of these model protocellular membranes under wet-dry cycles, a geological
feature with important implications for life’s origins. The change in various membrane
properties and their encapsulation ability were systematically characterized. The
membranes investigated were found to readily reassemble into vesicles even after
multiple wet-dry cycles. This cycling induced compositional changes in these
membranes, which led to changes in their physicochemical properties. Pertinently,
multiple wet-dry cycles were also found to increase the vesicle’s encapsulation of
small molecules. Finally, | evaluated the membrane-forming ability of dodecyl
phosphate (DDP), a minimally studied prebiotically relevant SCA, as an alternative
for fatty acid-based membranes. The self-assembly behavior of pure and mixed DDP
membranes showed that DDP-based membranes are highly tuneable and would
have been very suitable to support the emergence and evolution of protocellular life

forms on the early Earth.
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Chapter |

Introduction: Model protocellular membrane compartments.

(Adapted from, Sarkar et al., 2020; The Journal of Membrane Biology)



1.1 Introduction

How life originated on the early Earth is one of the most fascinating and as yet
unsolved puzzle. It has interested scientists from all walks alike to participate in the
interdisciplinary endeavour that is implicit to answering this fundamental question.
Many interesting and diverse theories have been proposed over the centuries on
how life would have emerged, and how the transition from non-living to living took
place. A lot of effort has gone into identifying the key features of life, which are
compartmentalization (that separates it from its environment), the ability to carry
forward information thus undergo evolution, and to possess some sort of metabolism
that produces energy and building blocks.! Based on that, protocells, the earliest
forms of cellular life, are suggested to be composed heritable polymers (presumably
RNA), metabolic reactions encapsulated within compartments'-? as depicted in
Figure 1.1. Membrane Compartmentalization is considered crucial for the origins and
evolution of cellular life as it separates internal components from the outside
environment, helps in chemical enrichment and protects encapsulated material from
both dilution and parasitic molecules.?® Importantly, compartmentalization introduces
‘selfness’ to the system and provides a framework for facilitating chemical evolution®
(without invoking the need for a genetic material). Moreover, the ubiquitous nature
of the membrane compartmentalization in contemporary cellular life highlights the
importance of membrane boundaries in emergence and maintenance of early life.
Extant membranes are complex and are predominantly composed of double chain
glycerophospholipids, sphingolipids, sterols and a large number of proteins.”° Unlike
the contemporary biological membranes, model protocellular membranes are
thought to have been relatively simpler and composed of different single chain
amphiphiles (SCAs).?®> Such amphiphiles have been reported to be synthesized
under early Earth conditions and also found in meteoritic samples, hence,
considered prebiotically plausible.* %11 Importantly, the self-assembled structures of
the SCAs are generally responsive to their environment and could potentially
undergo changes in terms of their composition to different environmental
conditions.'? Fatty acids have been studied extensively in this regard because of
their prebiotic relevance, ability to assemble into cell-sized vesicles and the capacity

encapsulate solutes.3®



The ability of fatty acids to form bilayer was first explored by Hargreaves and
Deamer in 1978, where they found that fatty acids, starting from nine carbon chain
length, can assemble under certain conditions to result in vesicles.'® However, there
are multiple caveats associated with fatty acid membrane stability as they are
extremely sensitive to change in pH, divalent cation concentration and high
temperature.® Moreover, fatty acid possesses high critical bilayer concentration
(CBC, the threshold concentration of molecules required for stable bilayer
formation)?. In this regard, Growing literature also suggests that the lack of stability
can be compensated for by the increase in heterogeneity of the system which will be
discussed later.t 36 Studies carried out on model protocell membranes focused on
only fatty acid based system and some with two-component system, containing fatty
acid with another co-surfactant.? 4> Even though these studies set the stage for our
preliminary understanding of such systems, the inherent complexity of these
systems, which would result from a heterogenous prebiotic soup, has largely been
overlooked. Itis fair to assume that the composition and the physicochemical
properties of protocellular membrane compartments would have been largely
influenced by the early Earth environment.*41¢ The self-assembled structures of
SCAs are responsive to their environment and would potentially undergo changes
based on different environmental conditions. Hence, various environmental
conditions (e.g. pH variations, presence of ions, rainfall and flooding events leading
to dilution, wet-dry cycles, etc) are hypothesized to be prebiotically pertinent
environmental conditions shaping the composition and properties of protocell
membranes.'* 6 Towards this end, in this chapter, | have summarizes previous
literature and recent findings on model protocellular membranes to understand the
emergence, composition and chemical evolution of primitive membranes in a
comprehensive manner. This chapter addresses various aspects of model
protocellular membrane starting from their formation on primitive Earth to emergence
of model protocellular systems and the influence of various environmental constrains

in this endeavour.
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Figure 1.1: Schematic representation of model prototocellular systems. Model protocells are
thought be comprised of the three essential components as depicted in the figure. A
heritable biopolymer (presumably RNA) to carry forward genetic information, metabolic
reactions to produce energy and building blocks life and finally membrane bound

compartments.

1.2 Prebiotic origins of amphiphiles:

Model protocellular membranes are thought to have been ‘simpler’ both in terms of
their composition and their chemical nature and composed predominantly of SCAs,
and polycyclic aromatic hydrocarbons.3* Several molecules come within the ambit of
description of prebiotically plausible amphiphiles, which might have comprised
protocell membranes as shown in Figure 1.2. Such amphiphiles could have come
about on the early Earth via exogenous delivery from extraterrestrial sources (like
comets and meteorites), or by endogenous synthesis in specific early Earth
niches.'%-1 Fatty acids containing up to 12 carbon chain length have been observed
in exogenously delivered meteoritic samples.t” Also, polycyclic aromatic
hydrocarbon (PAH) derivatives of pyrene, fluorenone, anthracene, etc., abundantly
found in exogenously delivered interstellar material, have been shown to work as a

cholesterol analogue in prebiotic SCA membranes.!® Pioneering work by Deamer



and Pashley demonstrated that SCAs extracted from meteorites can assemble into
vesicles under agueous conditions.® Other than fatty acids, amphiphiles like alkyl
sulfonic acids and alkyl phosphonic acids, containing up to four carbon atoms, have
also been observed in meteoritic samples.?° In the context of the endogenous
synthetic routes, Fischer—Tropsch type (FTT) synthesis is one of the most explored
pathways by which a simple carbon source can combine with hydrogen and form a
diverse group of amphiphiles under primitive conditions.? 21-22 Reconstitution of FTT
synthesis under hydrothermal experimental conditions has been shown to result in
the formation of unbranched lipids such as n-alkanols, n-alkanoic acids, n-alkenes,
n-alkanes and alkanones, when oxalic and formic acid were used as the starting
reactants.?® The length of the hydrocarbon chains varied from C2 to > C35.
However, with increasing chain length, the abundance of the species seemed to
decrease drastically. Hargreaves et al. demonstrated the possible derivatization of
products of FTT synthesis, such as fatty acids and fatty aldehydes, with glycerol to
result in mono-, di- and tri-glycerides, under simulated prebiotic conditions.?* In a
redox based reaction, Bachmann et al. showed the conversion of fatty alcohols to
fatty acids by permanganate-mediated oxidation.?®> When a mixture of short chain
alcohols (C2, C6 and C10) was heated in the presence of urea and ammonium
phosphate, phosphate amphiphiles were formed wherein decyl phosphate
dominated over hexyl and ethyl phosphate.?® Results from previous literature in this
regard have questioned the prebiotic relevance of phospholipids because of their low
synthesis yields under prebiotic conditions.?* 27 However, recent studies in the field
have demonstrated plausible synthesis routes of diacyl phospholipids under prebiotic
conditions, which reignites the possibility that diacyl phospholipids could have been
present in protocell membranes. Towards this end, Bonfio et al. demonstrated the
formation of diacyl phospholipids via acylation of glycerophosphates using
imidazolide activated acyl chains, in organic co-solvent.?® Recently, Liu et al.
demonstrated the synthesis of diacyl phospholipids in high yields via acetylation of
lysophospholipids using acyl donors under aqueous conditions.?® These studies
suggest routes by which diacyl phospholipids could have been incorporated into
protocell membranes before the emergence of complex protein machineries that aid
phospholipid synthesis in contemporary biology. However, it is important to mention
here that incorporation of phospholipids would also adversely influence protocell

functions as they limit permeability in the resulting membranes.®® These properties
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would have been absolutely critical for a protocellular system to survive, as they
would have been devoid of complex protein machineries. Taken together, all of the
aforementioned prebiotically plausible routes would have contributed to the diverse

inventory of SCAs on the early Earth.
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Figure 1.2: Structures of different amphiphiles with varying head groups that will be used in
the proposed studies: (1) fatty acid, (2) long chain alcohol, (3) long chain primary amine, (4)
alpha-hydroxy fatty acid, (5) glycerol monoester of fatty acid, (6) aliphatic sulphate
amphiphile and (7) aliphatic phosphate amphiphile. The structures were drawn using
ChembDraw professional (PerkinElmer) 20.0.

1.3 Self-assembly of prebiotically relevant amphiphiles:

The basic process that drives the formation of compartments from amphiphiles is
their spontaneous self-assembly behaviour. The fundamental phenomenon
governing this self-assembly in an aqueous medium is the hydrophobic effect; an
entropic effect driven predominantly by the inherent tendency of water molecules to
behave in a restricted manner. Other noncovalent interactions such as hydrogen
bonding, electrostatic interactions among the protonated and deprotonated polar
head groups, and van der Waals interactions between closely packed hydrophobic
tails of the molecules, further stabilize the self-assembled structure resulting from the
hydrophobic effect.31-32 Even though these interactions are noncovalent and ‘weak’,
(with AG value of 0.5-40 kcal/mol compared to 150—400 kcal/mol in case of covalent

interactions),*® when combined together they produce an overall force which is



sufficient to initiate assembly and stabilize the resultant self-assembled structures3?.
Stability of the self-assembled structure majorly depends on two factors. One is the
hydration of the polar group, which is an enthalpy gain coming from ionic interaction
and hydrogen bond formation. The second one is referred to as the hydrophobic
effect stemming from the coming together of the hydrophobic tails of the
amphiphiles, which is a gain in entropy for the surrounding aqueous solvent.34-35
Electrostatic interactions with other solutes or ions (e.g., Mg?*, Ca?*) present in the
bulk aqueous phase can also affect the self-assembly of amphiphiles into a bilayer.3*
Moreover, the shape and size of a given amphiphile, its concentration, along with
environmental constraints such as temperature, pH and ionic strength, collectively
influence the self-assembly process and the stability of vesicles, especially in the
case of SCAs.%% In order to self-assemble into bilayer structures, the amphiphiles
need to reach a threshold concentration in the solution known as critical bilayer
concentration (CBC).3¢ The amphiphiles remain in dynamic equilibrium between the
bilayer structure and the free monomers in suspension. For diacyl phospholipids, the
CBC lies in the nanomolar (nM) range, resulting in the formation of the bilayer readily
and with negligible monomers in the bulk solution.2° This could be attributed to their
increased hydrophobic area and tighter packing. In the case of SCA based systems
like fatty acids, the CBC is in the millimolar (mM) range, resulting in membranes but
with increased monomers in the bulk solution, particularly due to their lower

hydrophobic surface area.*®
1.4 Fatty acid and mixed fatty acid based model protocell membranes:

Fatty acids, starting from eight carbon chain length, have been shown to self-
assemble under certain conditions to result in vesicles of varying size and shape.'®
However, pure fatty acid membranes are extremely sensitive to their environmental
conditions, especially the pH variation. They can only assemble into bilayers when
the surrounding pH is near the pKa of their head group, as depicted in Figure 1.3.
This limits the vesicle formation to a very narrow pH regime.? 3’ Towards this, it has
been demonstrated that the addition of fatty alcohol to fatty acids enables the
mixture to assemble into vesicles over alkaline pH regime.38-3° Namani and Deamer
showed that membranes composed of decanoic acid (C10) and decylamine, can
form vesicles at low (pH 2) as well as high pH (pH 11), but not near neutral pH.*°

Mixtures of oleic acid (C18) with varying long chain alcohols (C6 to C18) has been
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shown to assemble into vesicles over a wide range of alkaline pH.3° Moreover,
addition of the surfactant sodium dodecylbenzene sulfonate, to decanoic acid
membranes, has been shown to aid the formation of vesicles even in the acidic pH
regime.*! Single chain phosphate amphiphiles with a cyclic head group, were found
to form vesicles under varying pH when mixed with fatty alcohols.#? Addition of mono
acyl glycerol esters of fatty acids has been shown to facilitate the assembly of fatty
acids more readily into compartments, especially in the alkaline pH regime.*3 Vesicle
formation by mixed fatty acid systems over a wider pH range (especially alkaline)
can be attributed to their hydrogen bonding capability. Fatty acids head groups are in
a deprotonated form at a pH above their pKa. Hence, they carry a net negative
charge, failing to form stable bilayers at these pHs because of the lack of hydrogen
bonding as well as the electrostatic repulsion between their head groups as depicted
in Figure 1.3. However, the addition of surfactants like fatty alcohol and/ or
monoglyceride that have —OH as a non-dissociable head group, provides a hydrogen
bond donor, which can stabilize the resulting membrane via hydrogen bonding with
the deprotonated head groups of the fatty acids, while also reducing the repulsion
between them. This allows mixed fatty acid systems to readily form vesicles under
alkaline conditions.> Maurer et al. demonstrated using 8 to 18 carbon length fatty
acids that mixing of their corresponding glycerol monoesters resulted in a decrease
in the CBC of the system.3¢ Fatty acids are cation sensitive detergents, i.e., in the
presence of cations, they tend to form soap-crystals.** However, nucleic acids like
self-replicating ribozymes, which are at the crux of the RNA world hypothesis,
require divalent cations (predominantly Mg?* ions) for their catalytic activity.*® This
makes pure fatty acid vesicles unsuitable to harbour prebiotic self-replicating genetic
systems like RNA (in a putative RNA World). In order to circumvent the stability issue
of fatty acid vesicles in the presence of high concentration of cations, two
approaches have been employed, i.e., either by the addition of cation chelating
agents (such as EDTA, citrate) to the solution, or by decreasing the membrane
sensitivity to cations by addition of co-surfactants.*® Binary membrane systems of
fatty acids, with either fatty alcohol or its glycerol monoester derivative, are shown to
be more resistant to cations.? ® These studies focused on fatty acid molecules being
the predominant player, with other amphiphiles being added in a smaller fraction as
supporting components. Another important parameter to be evaluated in this regard

is the thermostability of protocell membranes, as the early Earth temperature is
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thought to be much higher than that of the contemporary Earth.*’ Terrestrial
hydrothermal hot springs*® and deep-sea hydrothermal vents*® have been proposed
as potential sites for the emergence of early cellular life on Earth. They both are
characterized by elevated temperatures (about 50-90°C). Additionally, the high
temperature would have been one of the important driving forces for the occurrence
of many prebiotically pertinent reactions. It has been reported that mixed membrane
systems made up of decanoic acid (C10) and the corresponding alcohol or glycerol
monoester derivative (binary systems), and decanoic acid (C10) with both the
corresponding alcohol and the glycerol monoester derivative (a tertiary system),
formed more robust and thermostable vesicles than pure decanoic acid ones
alone.>° Significantly, this enhanced retention of fatty acids in the membrane alters
the permeability of the mixed systems. Previously, Piedrafita et al. investigated the
permeability of primitive binary mixed membrane systems and demonstrated that
presence of glycerol monoester of fatty acids increases the permeability of mixed
fatty acid membrane.>! Such systems could, therefore, allow for efficiently sustaining

intricate metabolic networks required for the onset of cellular life on the early Earth.
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Figure 1.3: Schematic representation of self-assembled structures formed by fatty acid
molecules in aqueous solutions. Fatty acid molecules get deprotonated (red head group)
when the surrounding pH is higher than the apparent pKa of the head group. When fatty acid
concentration reaches its CMC (critical micelle concentration, a threshold concentration
required to from micelles) at this pH and above, they form micellar aggregates. When the
surrounding pH is lower than the apparent pKa of the head group (green head group), fatty
acid molecules stay protonated and form oil droplets. When the surrounding pH is equal or
near the apparent pKa of the head group, both the protonated and deprotonated species are
present in almost equal abundance leading to hydrogen bond formation between them,
resulting in the formation of pseudodiacyl structures. At this pH, when the concentration of
the fatty acid reaches its CBC and above, it predominantly forms bilayer membranes and
vesicles. Significantly, in all the aforementioned scenarios, the fatty acid monomers and the
higher order aggregates (micelles, vesicles, oil droplets, etc.) are always in dynamic
equilibrium. (Figure adapted from Sarkar et al. 2020).

1.5 Chemical evolution of protocell membranes: Prebiotic environmental
conditions and early membrane composition

Current working model of the chemical evolution of prebiotic membranes revolves
around the transition of SCAs (fatty acids) to diacyl phospholipids via mixed
membranes containing both of these components as an intermediate step.5252 This
appears to be an attractive model in the field as it tries to unify both top-down
(phospholipid-based membranes) and bottom-up (fatty acid-based membranes)
approaches towards understanding the chemical evolution of membranes. However,
growing literature indicates that this could be an oversimplified version of the actual
complicated process that would have allowed for the transition from prebiological to
biological membranes.>! > There are several missing links and caveats in this
pathway that still need to be systematically addressed. Overall the model overlooks
the complexity of the prebiotic chemical space. It is logical to assume that the
environment of the protocell would have been heterogenous, which would have
directly been reflected in the composition of the membranes themselves. The
assumption of homogeneous fatty acid-based membranes, as an early step in
membrane emergence and chemical evolution, would require that these systems
managed to survive and function effectively under early Earth conditions. However,

considering the susceptibility and responsiveness of fatty acid membranes to the
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environmental changes, this possibility can be safely ruled out. Another major
limitation of this model is that the model considers the advantage of pure
phospholipid-based membranes during the process of chemical evolution. However,
the negligible permeability of phospholipid-based membranes would limit them from
taking up material from the surrounding environment.2° Major drawback of this model
is that it does not consider the influence of the different physical and chemical

environmental constraints on the composition of protocell membranes.>

Living systems are known to undergo a myriad change to adapt to their surrounding
environment. To restore the normal physiology of the membrane, organisms are
known to modify lipid composition of their cell membranes.>> Environmental
conditions are considered to play a key role in their chemical evolution.®
Considering different factors such as prebiotic amphiphile library, membrane stability
and prebiotic environment, it is reasonable to consider that protocellular membranes
would have been complex in terms of their composition. The composition of
protocellular membranes would be determined by their physicochemical environment
and shaped through complex interaction with multiple environmental constraints.
Considering the extensive time scale available for this transition (i.e., several millions
to possibly a billion years), and the changing geochemical settings of the prebiotic
Earth, it is fair to assume that there might have been many intermediate stages
going from prebiological to biological membranes as demonstrated in Figure 1.4.
Different processes pertaining to protocells would have been influenced by complex
interactions with the surrounding environment. External conditions including
temperature®®, pH variations32, presence of ions**, wet-dry cycles'® and
unpredictable rainfall with seasonal flooding events (leading to dilution), would have

influenced the composition of primitive membranes as depicted in Figure. 1.4.
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Figure 1.4: Diagram of potential pathway for protocell membrane chemical evolution. A:
Self-assembly of prebiotically plausible amphiphiles (SCAs, including PAHSs, bola
amphiphiles, etc.) into primitive compartments of varying compositions. B: Influence of
environmental conditions such as pH, temperature, dilution, presence of ions, etc. allow for
few compositions to get selected for over others because of their compositional diversity. C:
Stable compartments can start accruing functions that can facilitate polymerization of
building blocks and promote metabolic reactions. Without the assistance of any
transmembrane channels, the exchange would have been dependent on the dynamics of
the membrane. D: Chemical evolution of a functional protocell via multiple intermediate
stages. Membranes become equipped with primitive membrane channels that can assist in
the active exchange of matter, linking membranes with metabolic networks and genetic
polymers. E: Further transition of protocellular systems via multiple intermediate stages to
become more complex; get equipped with genetic material, membrane channels, reaction
networks, etc. Presence of evolved transmembrane channels can counter for the decreased
membrane dynamics that stems from the incorporation of diacyl lipids. At this stage, the
connection between the encapsulated genetic material (genotype) and the bulk property of
the protocell (phenotype) would have potentially occurred, from where the divergence into
the different domains of life would have been eventually facilitated. (Figure adapted form
Sarkar et al. 2020).
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Recent studies have ventured into understanding how environmental constraints
would affect the transition of primitive membranes. However, the dependence and
correlation between the primitive membrane chemical evolution and niche
parameters are still not fully clear.>* This long-standing problem in the field can be
addressed by systematically increasing the heterogeneity of prebiotic membranes
using a diverse set of prebiotically plausible amphiphiles.? ®> An important point worth
mentioning in this regard, which is often overlooked in studies related to the
transition of prebiotic membranes, is that multiple environmental conditions would
have acted in a concerted fashion on prebiotic membranes to shape their
composition. In this regard, no study so far have looked at the stability of mixed
membranes made up of different SCAs under multiple environmental conditions. The
influence of different amphiphiles on the overall stability of the membrane would

depend on, the physicochemical environmental condition(s).
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Chapter 2

Influence of compositional diversity on the self-assembly,
membrane stability and survivability of model protocellular

membrane compartments.

(Adapted from, Sarkar et al. 2020; SciRep)
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2.1 Introduction

The earliest forms of cellular life are considered to be entities that are comprised of
RNA and dynamic chemical reactions, encapsulated within amphiphilic
compartments.t? Protocellular membranes are thought to have been composed of
SCAs.2 These SCAs could have come about on the early Earth either by
endogenous synthesis, in the form of Fisher-Tropsch Type (FTT) reactions, or via
exogenous delivery.*® In this context, fatty acids and their derivatives have been
predominantly studied for their plausible role as early compartments.3® Fatty acids
are known to possess high critical vesicular concentrations (CBCs), the
concentration at which the monomers assemble into higher ordered structures like
vesicles.” Meeting this high concentration prerequisite would have been difficult on
early Earth.8° The pH of certain terrestrial hydrothermal pools of the early Earth is
hypothesized to be neutral to alkaline® which can drive prebiotically pertinent
reactions, including formose reaction'!, polymerization of non-activated amino
acids'?, and non-canonical nucleoside or nucleotide formation.*®* However fatty acid
monomers can assemble only in a narrow pH regime, near to their pKa.®* Given
this scenario the coexistence of the aforementioned reactions and model
protocellular membranes would have been really challenging. Moreover, fatty acids
are also cation sensitive moieties.*®> On the contrary, RNA molecules, which are
thought to be the first biomolecules to have emerged, require divalent cations in
order to efficiently replicate and carry out catalytic functions.'6-® Such divalent cation
concentrations are not compatible with fatty acid membranes.'>1° This poses an
imminent question of how RNA replicators could have coexisted with fatty acid-
based membranes. Nonetheless, fatty acid membranes are in dynamic equilibrium
hence can facilitate the permeation of polar molecules better.2° Which is an essential
requirement for protocells as it allows for the exchange of matter with its
environment. In this regard, the self-assembly property, permeability and membrane
integrity in different environmental conditions of such SCAs need to be
systematically explored. Thus far, studies have predominantly focused on delineating
one, or up to two of the aforesaid parameters at any given time.36-21921 However,
the aforementioned conditions would have acted in concert as a combination of
prebiotic environmental conditions , shaping the composition and properties of

prebiological membranes. Previous studies have suggested that the lack of
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membrane stability can be counterbalanced by increasing membrane complexity and
can facilitate formation of lipid catalytic networks.?? It is known that addition of long
chain alcohols with fatty acids confers stability to the vesicles at alkaline pH.?3
Previous studies have also showed that binary systems of fatty acid and its glycerol
monoester are more resistant to soluble monovalent and divalent cations.%24
Although insightful, the aforementioned studies predominantly looked at binary
membrane systems. Given the complex nature of the prebiotic soup, and the niche
parameters, it would be necessary to complexify the starting mix, to better
understand how membrane related processes would have advent under ‘prebiotically
realistic’ conditions. In this context, a membrane system composed of decanoic acid,
decanol and glycerol mono-decanoate, is the only tertiary system that has been
explored thus far, in terms of its thermostability and permeability.?>26 In order to gain
a deeper understanding of how compositional complexity would impinge on a
membrane system’s survivability, especially under multiple prebiotic environmental
conditions , we set out to characterize tertiary membrane systems of selected SCAs.
In the present study, fatty acids of two different chain lengths, i.e. oleic acid (OA,
C18) and undecylenic acid (UDA, C11), were mixed with their corresponding alcohol
and/or glycerol monoester derivatives in varying ratio, and used as a proxy for mixed
membrane systems. Fatty alcohols and glycerol monoester derivatives were chosen
for further experimentation because of their prebiotic relevance.*® Binary membrane
systems containing fatty acid with either the fatty alcohol or the glycerol monoester
derivative, and tertiary systems containing all the three components, were explored
for each of the chain lengths. The prebiotically relevant physical parameters that
were characterized include the formation of model protocellular membranes at
alkaline pH, their CBC, ionic stability and the permeability of the said systems. Our
results show that the mixed membrane systems are indeed more stable, and robust
under diverse environmental conditions. Therefore, these would have been more
suitable to support protocellular life forms. Our results also illustrate that the head
groups of the SCAs play an important role in stabilizing the membrane under specific
environmental conditions. Systems containing different derivatives possess different
survival rates when subjected to a specific condition. Given this interesting finding,
we also attempted to delineate the contribution of individual head-groups, and the
plausible mechanism that might be involved in stabilizing the protomembrane

systems. An important result of this study clearly demonstrates that the tertiary
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system being most complex would have possessed the best chance at survival when

subjected to multiple environmental conditions.
2.2 Materials

Magnesium chloride hexahydrate (MgCI2-6 H20, 203.30 g/mol), sodium hydroxide
(NaOH, 39.997 g/mol), hydrochloric acid (HCI, 37 %, 36.46 g/mol), bicine
(C6H13NO4, 163.17 g/mol), CHES (C8H17NO3S, 207.287 g/mol), calcein (622.55
g/mol) and triton X100 (647 g/mol) were purchased from Sigma Aldrich (Bangalore,
India) and used without further purification. All the fatty acids mentioned in this study,
namely oleic acid (cis-9, C18H3402, 282.47 g/mol), oleyl alcohol (cis-9, C18H360,
268.478 g/moal), glycerol 1-monooleate (cis-9, C11H4004 356.547 g/mol),
undecylenic acid (C11H2002, 184.279 g/mol), undecylenyl alcohol (C11H2201,
170.29), glyceryl 1-undecylenate (C14H2604, 258.35 g/mol) and myristoleic acid
(226.36 g/mol) were purchased from Nu-Chek-Prep (Elysian, MN, USA) and used
without further purification. All other chemicals were purchased from Sigma Aldrich
(Bangalore, India) and used without further purification. All the experiments were

carried out using Nanopure (18 MQ-cm) water.
2.3 Methods
2.3.1 Vesicle solution preparation

The vesicle solutions were prepared by dissolving the desired amount of the fatty
acid and its derivatives in chloroform at a concentration of 10 mg/ml. The chloroform
solution was dried under nitrogen gas flow to prepare a dry lipid film. It was then kept
under vacuum for five to six hours to make sure that no trace amount of chloroform
remained. Subsequently, different buffers (bicine or CHES) of desired pH were used
to rehydrate the thin film to form the vesicles. This vesicle suspension was heated for

one hour at 60°C to maximize vesicle formation.
2.3.2 Microscopic analysis

Lipid samples were observed under 20X and 40X magnification using a Differential
Interference Contrast (DIC) microscope Axiolmager Z1 (Carl Zeiss, Germany), (NA =
0.75) to observe the presence of different assemblies (vesicles, oil droplets,
crystalline aggregates etc.). Typically, 10 uL of lipid solution was spread on a glass

slide, followed by placing an 18X18 mm coverslip on top of it and covering the four
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sides with liquid paraffin to decrease the motion of the lipid solution. Thereafter, the

slide was immediately observed under the microscope.
2.3.3 CBC estimation

Three different methods were used to estimate the CBC of the membrane systems in
guestion. The first method involved using 1,6-diphenyl-1,3,5-hexatriene (DPH), a
hydrophobic fluorescent dye, that can partition into the hydrophobic region of the
membrane. Upon partitioning, its fluorescence increases several folds. The increase
in fluorescence is directly proportional to the lipid concentration. DPH fluorescence
also depends on the kind of lipid used, the number of dissolved ions, and incubation
time. The lipid solution used in the experiment was prepared by diluting a stock lipid
solution with a pH appropriate buffer. For the C11 and C18 systems, 200 mM bicine
buffer of pH 8, and 100 mM CHES buffer of pH 9, respectively, was used to
rehydrate the dried lipid film and to prepare further dilutions. The lipid suspension
was then sonicated to form a homogeneous mixture of small unilamellar vesicles. In
a typical reaction, 1.8 yL of 400 uM methanol solution of DPH, was added into 180
ML of C11 lipid solution to achieve 4 uM final concentration of DPH in the solution.
For all the C18 systems the final DPH concentration was decreased to 2 uM to
account for reduced lipid concentration (long chain fatty acids tend to have much
lower CBCs than small chain fatty acids). The lipid solutions were prepared by
diluting the stock lipid solution with appropriate buffer. After adding the DPH into the
lipid solution, the mixture was kept at 40°C at a constant rotation of 700 rpm for 30
minutes to increase the partitioning of DPH in to the membrane. Post-incubation, the
solution was transferred to a 96-well plate. The fluorescence was measured using a
96-well plate reader on Thermo Scientific Varioskan Flash multimode reader
(Thermo Scientific, Singapore) by exciting the samples at 350 nm and measuring the
emitted light at 452 nm. To corroborate the CBC values obtained from this
fluorescence assay, the turbidity of the lipid solution was also measured at 400 nm,
which is a widely used technique in the field, for reporting CBCs. The lipid
concentration at which the turbidity of the system increases sharply is considered to
be an indication of formation of vesicles, and hence is considered as the CBC of the
system. A UV-1800 UV-Vis Spectrophotometer (Shimadzu Scientific Instruments

Inc., Columbia, USA) was used to check the turbidity of the lipid solutions, which was
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indicative of higher order structure formation. The presence of vesicles was further

confirmed by microscopy at 40X magnification.
2.3.4 Stability in alkaline pH regimes

The ability of different lipid systems to assemble into vesicles was evaluated from pH
7 to 11, at intervals of 0.5 pH units (e.g. pH 7, 7.5, 8 and so on). 6 mM and 60 mM
lipid concentration were used for the C18 and C11 systems, respectively. Typically,
the dried lipid films were hydrated with a buffer of appropriate pH so as to cover the
whole pH range mentioned. This was done considering the fact that different buffers
have their own range of buffering capacity. For example, 200 mM bicine was used
to prepare buffers in the pH 7 to 9 regime, while 200 mM CHES was used for pH 9.5
to 11 regime. The scattering of the solution at 400 nm was used as a proxy to gauge
the presence of higher order lipid assemblies that were present in the solution using
UV-1800 UV-Vis Spectrophotometer (Shimadzu Scientific Instruments Inc.,
Columbia, USA). The same samples were subsequently observed under microscope
at 40X magnification to discern the nature of the higher order assemblies (e.g.

vesicles, droplets etc).
2.3.5 Stability against Mg?*ion

In order to check for the stability of the vesicles in the presence of Mg?* ion, Dynamic
Light Scattering (DLS) spectroscopy method was used. In a typical experiment, the
vesicle suspension was extruded 15 times through a 200 nm size cut-off
polycarbonate membrane using Avanti mini extruder (Avanti Polar Lipids Inc.,
Alabaster, AL, USA). The Mg?* ions were then added to the lipid solution by adding a
desired volume of MgClz stock solution, prepared in the respective buffer. 100 mM
CHES buffer of pH 9 and 200 mM bicine buffer of pH 8 were used to prepare the
C18 and C11 vesicle solutions, respectively. The solution was then set aside for 15
min to equilibrate, after which the average size of the particles in the solution was
measured using Zetasizer Nano ZS90, (Malvern Panalytical Ltd., Malvern, UK). The
average size of the population was plotted against the Mg?* ion concentration, so as
to estimate Mg?* ion induced fatty acid aggregation. The total lipid concentration was
kept at 2 mM for the four C18 based systems. 20 mM lipid solution was used for all
the three heterogeneous C11 based systems to prevent concentration induced

vesicle aggregation. However, for the homogenous UDA system, the lipid
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concentration was kept at 60 mM due to its intrinsically high CBC. As for the
microscopy analysis, the lipid concentration was kept the same as was used for the
DLS experiment. Desired amount of Mg?* ion concentration was obtained by adding
different volumes of the MgCl: stock solution in the lipid solution. Presence of
different forms of aggregates, namely, vesicles, lipid crystals and oil droplets, were

checked for using DIC microscopy.
2.3.6 Zeta potential measurement of the lipid solutions

To determine the negative charge density on the vesicles, the lipid solution was
extruded 15 times through a 200 nm size cut-off polycarbonate membrane using
Avanti mini extruder (Avanti Polar Lipids Inc., Alabaster, AL, USA). For all the four
C18 systems, a total of 2 mM lipid solution was used. In case of all the three mixed
C11 systems and homogenous UDA system, 20 mM and 60 mM lipid solutions,
respectively, were used. The lipid solutions were kept for one hour to equilibrate
before the actual measurement was taken. Post equilibration 600 ul of lipid solution
was loaded in a cuvette and the zeta potential readings were acquired using a
Zetasizer Nano ZS90 (Malvern Panalytical Ltd., Malvern, UK).

2.3.7 LC-MS analysis for free fatty acid quantification

Sample preparation: In case of C11 based systems, 60 mM and 90 mM lipid
concentration was used, for the UDA and the three mixed systems, respectively.
This was done to keep the concentration of the fatty acid i.e. UDA constant (60 mM)
across all four systems. The lipid solution was prepared in 200 mM bicine buffer of
pH 8. Similarly, for the C18 systems, 20 mM and 30 mM lipid concentration was
used for the homogenous OA and the three mixed systems to keep the
concentration of the oleic acid constant (20 mM) across all four systems. The lipid
solutions were prepared in 100 mM CHES buffer of pH 9. 500 uL of each sample
was loaded onto a Vivaspin 2 centrifugal concentrator, with a molecular weight cut-
off of 3 kDda and centrifuged at 5,0009g for 15 min. Typically, 50 uL of the filtrate was
collected. This filtrate was then acidified by adding 5 pl of formic acid. The free fatty
acids present in the filtrate was then extracted by adding 400 pL of 2:1
choloroform:methanol solution. This solution also contained myristoleic acid of 10 yM
as an internal standard. The extraction was carried out by vortexing the solution

rigorously and then spinning it at 3000g for 2 mins. The organic phase was
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withdrawn carefully and was dried under a stream of nitrogen gas, and subsequently
re-dissolved into 400 ul of 2:1 choloroform:methanol. A fraction of this was loaded on

to the column (details in the below section).

Fatty acid quantification: Separation of fatty acids was carried out using a Luna C18
column from Phenomenex, Torrance, CA, USA (dimensions: 4.6 X 250 mm, 5 nm
particle size). The solvent system used for the liquid chromatography part was as
follows: Buffer A used was 95:5 of water : methanol (vol/vol) + 0.1% ammonium
hydroxide, and Buffer B was 60:35:5 of isopropanol: methanol : water (vol/vol) +
0.1% ammonium hydroxide. A typical LC run’s total time was 22 minutes long. The
gradient involved an increase in solvent B concentration from 5% to 100% in 4
minutes, followed by an isocratic phase of 100% of solvent B for fifteen minutes. This
was followed by an equilibration phase for four minutes with solvent A, all of which
was done at a constant flow rate of 0.4 mL/min. The undecylenic acid and oleic acid
(from the respective reaction mixtures), and the myristoleic acid internal standard,
eluted at 15.66, 15.75 and 15.84 minutes, respectively. The mass spectrometry was
carried out on a Sciex X500R QTOF mass spectrometer (MS) fitted with an Exion-LC
series UHPLC (Sciex, CA, USA), using Information Dependent Acquisition (IDA)
scanning method. All the mass acquisitions were performed using Electron spray
ionization (ESI) in the negative mode with the following parameters: turbo spray ion
source, medium collision gas, curtain gas = 30 L/min, ion spray voltage = -4500 V
(negative mode), at 300 °C. TOF-MS acquisition was done at declustering potential
of -80 V, while using -10 V collision energy. The acquired data was analyzed using
the Sciex OS software (Sciex, CA, USA; University of Florida, FL, USA). The
presence of a specific species was confirmed by the presence of precursor mass
within 3 ppm error range. The fatty acid was quantified by taking the ratio of the area
under the corresponding fatty acid peak, with respect to the area of internal standard

peak.
2.3.8 Permeability assay

In order to determine the permeability of the different C11 based membrane
systems, calcein leakage assay was used. Calcein is a small polar molecule with an
excitation and emission wave length of 495 and 515 nm, respectively, and it gets

self-quenched at a high concentration. This property was used to carry out this study
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by encapsulating calcein above its self-quenching concentration. This was done by
rehydrating the dried lipid film with 200 mM bicine buffer pH 8, containing 35 mM of
calcein. For all the three heterogeneous C11 based systems, 90 mM of total lipid
concentration was used. However, for the homogenous UDA system, the lipid
concentration was kept at 150 mM due to its relatively high CBC. Interestingly, the
pH of the solution dropped after dissolving the dried fatty acid film in the
aforementioned mix of buffer and calcein. Therefore, the pH of the solution was
readjusted by adding NaOH solution. The solution then went through four freeze-

thaw cycles to increase the encapsulation efficiency.

To confirm the encapsulation of calcein in the vesicles, the crude suspension was
observed under microscope, using both, fluorescence and DIC. Thereatfter, the
calcein encapsulated vesicle solution was extruded 15 times through a 200 nm size
cut-off polycarbonate membrane using Avanti mini extruder (Avanti Polar Lipids Inc.,
Alabaster, AL, USA) and was loaded on to a size exclusion column (20 cm X 1 cm)
packed with Sephadex G-50 fine beads. The column was pre-equilibrated with the
mobile phase, which is 200 mM bicine buffer containing just empty lipid vesicles. For
each lipid system, the mobile phase contained the same lipid composition and ratio,
but at a slightly higher concentration than their CBC, to prevent the lysis of the
calcein encapsulated vesicles in the column. Fractions were then collected manually
and loaded on to a 96-microwell plate (about 220 pL/well). The fluorescence was
measured using a 96-well plate Varioskan Flash multimode reader (Thermo
Scientific, Singapore), by exciting the samples at 495 nm and measuring the emitted
light at 515 nm. The vesicles with encapsulated calcein eluted in the early fractions
(fraction number 11 to 16), and the unencapsulated calcein eluted in the later
fractions (fraction number 43 to 57), as shown in Figure S11 a. The fluorescence
was monitored continuously for three hours. After that, 2 uL of Triton 100X was
added in each well to rupture the vesicles and release the remaining encapsulated

calcein, which led to maximum fluorescence.

The percentage of encapsulation was calculated by using the following equation:

Ft—FO)
Ff—F0

Encapsulation (%) = 100 * (1 —

Where, FO is the fluorescence at time zero, Ft is the fluorescence at time t and Ff is

the final fluorescence after the addition of Triton 100X.
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2.3.9 Membrane stability under multiple environmental conditions

To evaluate the stability of protocell membranes as a function of their composition
under multiple environmental conditions, C11 based membrane systems were used.
Three environmental conditions, i.e. A) vesicle formation in alkaline pH regime. B)
vesicle stability in dilution regimes, and C) vesicle stability in the presence of Mg?*
ions, were applied to the systems in a sequential manner. In order to understand if
there was any effect coming from the sequence of the applied condition on the
vesicle stability, the environmental conditions were applied in all possible
combinations. Therefore, a total of six different sequential combinations were
investigated. All the four C11 based systems were prepared in 200 mM bicine buffer
at pH 8 with the lipid concentration kept at 60 mM. Typically, 300 uL of each vesicle
suspension was taken in a centrifuge tube. In one of the MSPs sequence
combinations tested, first the lipid solution was diluted with 200 mM bicine buffer of
pH 8 in order to check the stability of the vesicles on dilution. In the next step, the pH
was increased by adding desired volume of 3M NaOH solution. It was added to all
the lipid solutions to bring the final pH to 10. In the final step, the stability was
checked in the presence of Mg?* ions by adding desired amount of MgCl2 solution to
reach a concentration of 14 mM Mg?*. After the application of each aforesaid
environmental conditions, the lipid suspension was observed under microscope at
40X magnification to check for the presence of vesicle and unordered aggregates. In
the same manner, the other five MSP combinations were also tested and the

membrane systems were evaluated using microscopic analysis.
2.3.10 Statistical analysis:

All statistical analysis was performed using Microsoft Excel 2016. Two-tailed t-test
was used to check the significance of difference between the values within a system
and also to compare between values of particular time points across systems.

Values were considered statistically significant for values with P <0.05.

2.3.11 Construction of mixed membrane systems

All the experiments described in this present study were conducted using binary and
tertiary mixed membrane systems of C11 and C18 fatty acids. The binary systems

based on the undecylenic acid (UDA, C11) fatty acid system were prepared by
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mixing undecylenic acid (UDA) with either glyceryl 1-undecylenate

(UDG) or undecylenyl alcohol (UDOH). Similarly, the oleic acid based (OA, C18)
binary systems were prepared by mixing oleic acid (OA) either with glycerol 1-
monooleate (GMO), or the oleyl alcohol (OOH) derivative. The ratio of fatty acid to its
derivatives was fixed to either 4:1 or 2:1. The tertiary systems for both the chain
lengths were prepared by mixing all three respective components together, i.e.
UDA,UDG and UDOH together and OA, GMO and OOH together, in ratios of 2:1:1,
4:1:1 and 6:1:1. Figure 2.1 in the summarizes the structures of the aforesaid

amphiphiles used in this study.

0 o
Undecylenic acid (UDA) Oleic acid (OA)
0 o)
W \/\/\_/\/:\/\/\/\)L
O/Y\OH O/Y\ OH
OH OH
Glyceryl 1-undecylenate (UDG) Glycerol 1-monooleate (GMO)
PN N P Y OH N N N e S S S -OH
Undecylenyl alcohol (UDOH) Oley!l alcohol (OOH)

Figure 2.1: Structures of different amphiphiles, i.e. fatty acids (C11 and C18) and their
derivatives used in the present study. The structures were drawn using ChemDraw

professional (PerkinElmer) 20.0.

2.4 Results
2.4.1 Formation of vesicle under alkaline pH regimes

The vesicle forming ability of all different membrane system was evaluated from pH
7 to 11 at room temperature. It was observed that both the fatty alcohol and glycerol
monoester derivatives could indeed stabilize the fatty acid vesicles over a wide
range of pH. Absorption measurement of the suspension at 400 nm indicated that

UDA alone could form vesicles from pH 7.5 to 8 (Figure 2.2), which was also
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confirmed using microscopy (Figure 2.3 and 2.4) that showed large multilayer
vesicles (MLVs). The binary mixed UDA:UDG (2:1) system formed MLVs from pH 7
to 9, above which micelle formation occurred that resulted in a decrease in the
turbidity values (Figure 2.2). On the other hand, the UDA:UDOH (2:1) binary system,
formed vesicles from pH 7.5 to 11 Figure 2.3). When the ratio of fatty acid to
derivative was changed to 4:1, it was observed that the UDA:UDG (4:1) and the
UDA:UDOH (4:1) mixed binary systems assemble into vesicles (MLVs) from pH 7.5
to 8.5 and from 7.5 to 9 respectively (Figure 2.5). The tertiary systems of
UDA:UDG:UDOH in 4:1:1 and 2:1:1 were able to form vesicles, from pH 7.5t0 11
(Figure 2.5). The tertiary system UDA:UDG:UDOH in 6:1:1 ratio formed vesicles
from pH 7.5 t0 9.5. As for the OA based systems, the OA itself formed vesicles from
pH 8 to 9 (Figure 2.4). Below pH 8, large oil droplets were observed. The OA:OOH
(2:1) binary system could form vesicles from pH 8.5 to 11. However, below 8.5 it
assembled into large droplets. In the case of the OA:GMO (2:1) binary system and
the tertiary system of OA:GMO:OOH in 4:1:1 ratio, vesicles were observed over a
wide range of pH starting from 7.5 and up to 11 (Figure 2.4). The binary mixed
system OA:GMO (4:1) and OA:OOH (4:1) formed vesicle from pH 7.5 to 10 and 8.5
to 11 respectively (Figure 2.5). In case of the tertiary systems, OA:GMO:OOH (2:1:1)
and OA:GMO:OOH (6:1:1) vesicles were observed from pH 8 to 11 (Figure 2.5).
Based on the observations eight different membrane systems were decided to
explore further because of their robustness. Four systems were chosen for each
chain length system, i.e. pure acid system, two binary systems composed of fatty
acid mixed with either its corresponding alcohol or glycerol monoester in 2:1 ratio
and the tertiary mixed system contains all there in 4:1:1 ratio. This way, the overall
ratio of fatty acid to derivative was fixed to 2:1 to compare the membrane systems

better, which also corroborates with the previous studies.?>26
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Figure 2.2: Turbidity measurements of different C11 and C18 membrane systems at
different pH. The turbidity of the systems at 400 nm is plotted as a function of the pH. Panel
a and b represent the different C11 and C18 systems, respectively. Decrease in turbidity
indicates the formation of micelles in the system, which cannot scatter light at 400 nm. The
ratio of fatty acid to its respective glycerol monoester and/or alcohol was maintained at 2:1.
N = 3; error bars represent standard deviation.

UDA:UDG UDA
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Figure 2.3: Formation of membrane under alkaline pH regimes. Microscopic analysis of C11

based membrane systems. These images demonstrate the formation of vesicles and oil
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droplets depending on the pH of the surrounding environment. Panels (a—d) show the four
different C11 based membrane systems. The ratio of fatty acid to its respective glycerol
monoester and/or alcohol was maintained at 2:1. The black and red arrows indicate vesicles

and oil droplets, respectively. The scale bar in all the images is 10 microns. N = 4.

OA:GMO 2:1

OA:GMO:OOH 4:1:1 OA:OCH 2:1

Figure 2.4: Microscopic analysis of C18 membrane systems. These images demonstrate
the formation of vesicles and oil droplets depending on the pH of the surrounding
environment. Panels a to d show the four different C18-based systems. The black and red
arrows indicate vesicles and aggregates, respectively. The scale bar in all the images is 10
microns. N = 4.
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Figure 2.5: The ability of the different membrane systems to form vesicles over varying pH
regimes has been illustrated in this figure. The ability of a system to form vesicles over a
range of pH is represented in the matrix. N = 4.

2.4.2 Self-assembly of model protocellular membrane systems

The fluorescence assay using 1,6-diphenyl-1,3,5-hexatriene (DPH) revealed that the
CBC of the pure UDA was around 35 mM. Upon mixing UDA with UDG, the CBC
drastically decreased to 2 mM (Figure 2.6 and Table 2.1). Here the lipid
concentration for the mixed systems refers to the total lipid concentration, tanking
account fatty acid and the respective derivatives. For the binary system of
UDA:UDOH (2:1) and the tertiary system of UDA:UDG:UDOH (4:1:1), the CBC was
found to be around 4 and 2 mM, respectively (Table 2.1). Microscopic analysis of all
the systems confirmed the presence of vesicles (Figure 2.7). For the pure oleic acid
(OA) system, the CBC was found to be around 0.09 mM. Upon adding either the
GMO or the OOH derivative (2:1 ratio), the CBC decreased to about 0.02 and 0.06
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mM, respectively (Table 2.1). For the tertiary system of OA:GMO:0OOH (4:1:1), the
CBC was found to be around 0.02 mM. The presence of vesicle was also confirmed
by measuring absorption of the (scattering) of the suspension at 400 nm. The
experiments were performed at room temperature. On performing microscopy,
vesicles were observed under the microscope only at a slightly higher concentration
than what was expected from the fluorescence assay (Figure 2.7). This could
potentially stem from the fact that light microscopy is diffraction-limited thus missing

out on vesicles that are smaller than 200 nm.
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