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Synopsis

Chapter 1: Introduction

A cell is the basic unit of life, which itself is a highly organized chemical system where
many molecules and their assemblies work in harmony to give a particular cell its unique
identity. However, it is not yet fully understood how the first cells might have originated from a
complex mixture of chemical compounds (also called a prebiotic soup) on the early Earth, which
remains one of the biggest scientific questions of all time. It has been postulated that this
transition from prebiotic chemistry to modern biology likely followed a fundamental step of
protocell formation. A protocell is considered a primitive cell-like structure containing
informational and functional molecules encapsulated in a membrane compartment. Two
processes are thought to have been crucial for protocell formation; 1. Membrane assembly from
single-chain amphiphiles (SCAs), and 2. Abiotic synthesis of oligomers like nucleic acids and
peptides from their respective monomers. Given that both membrane assembly and abiotic
oligomerization processes might have co-occurred in a common milieu and resulted in
protocells, it is imperative to check how these processes would have affected each other under
prebiotically-plausible conditions. In this context, certain features of terrestrial hot springs, such
as their low ionic strength, high temperature, a diverse range of pH, and wet-dry cycles, are
thought to have facilitated the above-mentioned crucial events during the origin of cellular life.
Especially the wet-dry cycle is an interesting feature wherein a chemical system would
experience consecutive dry and aqueous phases due to natural events like day-night cycles,
seasonal changes, etc. Among the two oligomerization processes mentioned above, earlier
studies mainly looked at the effect of membrane-forming amphiphiles on the abiotic nucleic acid
synthesis under wet-dry cycling conditions [1,2]. However, it is not known how amphiphiles
influence abiotic peptide synthesis under geologically-relevant wet-dry cycles. Therefore, we

first investigated this important and still unanswered question in the origin of life research.
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Chapter 2: The effect of membrane-forming amphiphiles on abiotic peptide synthesis
under wet-dry cycles.

We checked how lipid’s presence affects abiotic peptide synthesis under wet-dry cycles
in terms of their formation and overall yield and also investigated the underpinning mechanism
behind the effect we observed. For this, we used 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) as a proxy for membrane-forming lipid and checked its effect on
glycine (Gly) oligomerization under wet-dry cycles. Upon LC-MS analysis, Gly oligomers up to
hexamers were detected in the Gly + POPC reaction. However, the overall peptide yield was
lower in the presence of POPC when compared to the control reaction that did not contain
POPC. A plausible reason for this effect might have been a cross-reaction between Gly & POPC
that could have resulted in the formation of a new product. Preferential utilization of Gly for this
cross-reaction would have rendered fewer Gly molecules available for peptide synthesis, thereby
decreasing the overall peptide yield. A preliminary TLC analysis of the reaction mixture indeed
showed a new spot on the TLC plate. Further HRMS analysis led to the identification of two new
compounds: N-palmitoyl glycine and N-oleoyl glycine (NOG). They belong to an intriguing
class of single-chain amphiphiles called N-acyl amino acids (NAAs), which contain an amino
acid head group attached to a fatty acid chain via an amide linkage. Notably, the formation of
NAA was also observed with other amino acids and phospholipids, indicating the generality of
this reaction. Mechanistically, it can be explained as an example of an ester-amide exchange
phenomenon, where the nucleophilic amino group of an amino acid attacks one of the ester
linkages of the phospholipid to form an alcohol and an amide (which is NAA in this case). To
our knowledge, this is the first experimental demonstration of ester-amide exchange occurring
between amino acids and lipids under prebiotically-plausible wet-dry cycling conditions. In the
Gly + POPC reaction, the kinetically favorable NAA synthesis would have outcompeted the
peptide synthesis for the utilization of the free Gly, which caused the lowering of the Gly
oligomer vyield in the presence of POPC. These results highlight the necessity of adopting a
systematic and unbiased approach while exploring the interdependence between the above-
mentioned (and other) prebiotic processes. It could lead to identifying hitherto undescribed

chemical species, which might have important implications for the emergence of life processes.
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Chapter 3: Exploration of N-acyl amino acids as a new model protoamphiphile system

N-acyl amino acid, identified as a novel product in our earlier reaction, is a hybrid
molecule of fatty acid and amino acid. This amalgamation of two prebiotically important
molecules within a single chemical species might have allowed NAAs to exploit properties of
both amino acids and fatty acids, as well as to acquire new emergent properties. Therefore, it
would be interesting to explore NAAs as model protoamphiphiles (prebiotically-plausible SCAs
that might have constituted protocell membranes on early Earth), which has not been done to
date. Towards this, we systematically evaluated different aspects pertaining to this amphiphile
system, including; 1. their synthesis from prebiotically-relevant reactants under early Earth
conditions, 2. their ability to self-assemble into vesicles, and also the pH and metal ion stability
of NAA-based vesicles, and 3. the potential of NAA to act as a substrate for peptide chain
growth, thereby generating different lipopeptides. We mainly used N-oleoyl glycine (NOG) as
the representative NAA amphiphile for all these experiments.

Earlier, we showed the synthesis of NAAs from phospholipids and amino acids under
wet-dry cycling conditions. However, phospholipids themselves are structurally complex diacyl
lipids that depend on SCA precursors for their synthesis both in biosynthetic [3] and potentially
prebiotic enzyme-free reactions [4]. Therefore, we checked whether chemically simpler,
prebiotically-relevant, ester linkage-containing SCAs like monoglycerides, could react with
amino acids via ester-amide exchange to generate NAAs. Towards this, a mixture of glycerol 1-
monooleate (GMO), oleic acid (OA), and Gly was subjected to wet-dry cycles under previously
standardized conditions for a phospholipid-amino acid reaction. TLC and HRMS analyses indeed
showed the conversion of GMO to NOG upon wet-dry cycling, and this monoglyceride to NAA
conversion was also observed with other amino acids. To our knowledge, this describes a new
prebiological route for NAA synthesis, which supports their potential availability on the early
Earth.

Subsequently, we checked whether NAAs could self-assemble into vesicles on their own,
which would have been an essential property for them to act as protocell compartments. Unlike
phospholipids, SCAs preferentially form vesicles when the pH of the solution is around the
apparent pKa of their head group [5]. Using DIC and fluorescence microscopy, we showed that
NAAs like NOG could indeed form vesicles in the acidic pH range around pH 5 to 6. This
vesicle formation behavior is markedly different from what we see in fatty acid-based
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conventional model protoamphiphiles that form vesicles only at neutral to alkaline pH.
Furthermore, admixing NOG with other amphiphiles like GMO and OA dramatically increased
the vesicle formation range of the mixed system, with the mixture of NOG and GMO forming
vesicles from pH 4 to 11, while that of NOG and OA resulted in vesicles from pH 5 to 9. The
latter result is particularly intriguing as blending NOG and OA enabled this mixed system to
form vesicles over a wider pH range compared to its individual components. These results nicely
demonstrate how amphiphiles affect each other’s physicochemical properties in a mixture. They
also highlighted the ability of NOG to generate robust membranes over a diverse pH range when
mixed with other amphiphiles, which would have provided a significant advantage for protocell
compartments incorporating these moieties. Furthermore, we also evaluated the metal ion
stability of NOG-based vesicles, as metal ions have been shown to play a crucial role in other
prebiotic reactions, especially those pertaining to the RNA world [6,7]. However, high
concentrations of such metal ions tend to destabilize negatively charged SCA vesicles by
inducing their aggregation. Nonetheless, the addition of surfactants like monoglycerides has been
shown to increase the stability of the resultant mixed vesicles towards metal ions. Given this
backdrop, we evaluated the metal ion stability of NOG vesicles using DIC microscopy and also
checked whether the addition of monoglycerides like GMO could provide a further stabilizing
effect in the presence of metal ions. For divalent cations like Mg?*, magnesium-induced
aggregates of pure NOG vesicles were observed when the Mg?* concentration exceeded the
NOG concentration. However, the addition of GMO significantly increased the Mg?* stability of
NOG + GMO mixed vesicles, and this overall effect was consistent even for monovalent cations
like Na*. Notably, the intrinsic stability of NOG vesicles was almost 100-fold higher in the
presence of sodium (a monovalent cation) than in magnesium. These results highlight the ability
of NAAs to generate metal-ion tolerant membranes, whose robustness further increases when
admixed with monoglycerides.

Finally, we checked the ability of NAAs to act as a substrate for peptide chain growth by
reacting with amino acids, where the addition of subsequent amino acids to the free carboxyl
terminus of the NAA head group can generate different lipopeptides. Towards this, a mixture of
NOG and an amino acid was subjected to a single wet-dry cycle at 130 °C, and peptide chain
extension products were detected by HRMS. The reaction between NOG and Gly led to the
formation of N-oleoyl glycine peptides with up to three Gly additions on to the NOG. However,
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the addition of only a single amino acid was observed for the reactions of NOG with other amino
acids (Lys, Ala, Val, and Ser). These results show the potential of NAAs to generate N-acylated
peptide amphiphiles under prebiotically-pertinent wet-dry cycling conditions. Such membrane-
anchored short peptides could have enabled protocell membranes to perform active catalysis on
their surface, and might have allowed them to act as ‘signaling’ moieties allowing protocell
communication.

In summary, these results together demonstrate NAAs as a promising model
protoamphiphile system and underscore their importance in the emergence and evolution of early

cellular life on Earth.

Chapter 4: Testing prebiotic membrane assembly process in water samples collected from
early Earth analogue hot spring sites

In this chapter, we discuss a new and slightly unorthodox approach recently adopted to
better understand the origin of life conundrum. Most of the discoveries in the origin of life
research are an outcome of experiments performed in the laboratory using highly pure reagents
and solvents, and under stringently controlled reaction conditions. There is a tacit assumption
that the outcome will be similar under natural conditions as well, which are incredibly complex
and diverse in nature. To validate this assumption, one could either perform these experiments
directly in the field, but that in itself is a very challenging task for several practical reasons.
Alternatively, one could collect samples from such natural, early Earth analogue sites and use
them to perform experiments in the laboratory. It will essentially give a more realistic sense of
how prebiotic processes might advent under natural conditions compared to stringently
controlled laboratory conditions. Towards this, we tested the prebiotic membrane assembly
process in water samples collected from active hot springs situated in certain astrobiologically
relevant sites (e.g., Ladakh in India, Tikitere in New Zealand). It also enabled us to evaluate the
conduciveness of terrestrial hot springs for the prebiotic membrane assembly process, which in
turn allows testing their potential as a plausible niche for the origin of life on Earth. Towards
this, the vesicle formation behavior of both fatty acid-based and NAA-based amphiphile systems
was studied in different hot spring water samples. Considering the pH range at which these
amphiphiles form vesicles under laboratory buffered conditions, we used hot spring water
samples having neutral to alkaline pH for fatty acid-based systems and those with acidic to
neutral pH for NAA-based systems. In fatty acid-based experiments, different combinations of
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OA and its derivatives like GMO and oleyl alcohol readily formed vesicles under laboratory
buffered conditions. However, in the hot spring water samples, only a mixture of OA and GMO
could form vesicles. Also, there was a positive correlation between the overall vesicle forming
propensity and the ionic strength of the different hot spring samples. These results were
consistent over different fatty acid types irrespective of their chain length and the presence of
unsaturation. Subsequently, we performed similar experiments with NAA-based systems,
wherein both pure NOG and NOG + GMO mixed systems were able to self-assemble into
vesicles in hot spring samples. Together, these results demonstrated that hot spring waters could
overall support the prebiotic membrane assembly process. Furthermore, they could also act as a
selection pressure, where certain amphiphile combinations preferentially formed vesicles over
the others, which also highlights the importance of validating laboratory outcomes under natural

conditions.
Chapter 5: Summary and conclusions

In this chapter, we summarize the major findings of this Ph.D. work and discuss the

implications of these results in a broad context of the origin of life research.
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INTRODUCTION

17



1.1 Origin of life: The big question

How did life originate and evolve on Earth? This remains one of the biggest and most fundamental
scientific questions to date. Starting with a complex pool of chemical compounds (also known as a
prebiotic soup), the specific set of events that led to this transition from chemistry to biology about 3.8-4
billion years ago [1] remains elusive. But before going into further details, one needs to scientifically
define “Life” to distinguish between living and non-living. In this context, several operational definitions
of life have been proposed in the literature [2], the most popular being the one defined by the NASA

exobiology program, which is as follows:

“Life is a self-sustained chemical system capable of undergoing Darwinian evolution” [3]. Keeping
this conceptual framework in mind, researchers have used a variety of approaches to explain the origin
and evolution of life on Earth (Figure 1.1). Among these, the three major approaches are the prebiotic
RNA world-based approach, the compartmentalization-centric approach, and the metabolism-first
approach. The prebiotic RNA world-based approach [4] exploits the ability of RNA to work both as a
catalyst and an information storage molecule. It considers a self-replicating ribozyme as being the
molecule central to the origin of life. This ribozyme then could have subsequently given rise to DNA and
the protein machinery, where proteins took over the responsibility of catalysis, and DNA became the

genetic material, as is observed in extant living systems.

The compartmentalization-centric approach, also known as the lipid world hypothesis, is based on a
basic observation that most of the extant cellular life has some form of the compartment, which separates
it from the surrounding environment and gives a particular cell its distinct identity. Therefore, the main
assumption underlying this approach is that compartmentation would have also been a central
phenomenon during the emergence of life, which further facilitated other processes required for the non-
life to life transition [5]. This approach is supported by the fact that prebiotically-plausible amphiphiles

can spontaneously self-assemble to generate cell-like compartments (vesicles) [6].

A third approach, popularly called the “metabolism-first approach,” states that primitive metabolic
pathways, such as the reductive citric acid cycle, would have served as an initial step for the origin of life.
These simple metabolic pathways then would have eventually given rise to other biomacromolecules at a
later stage [7]. Furthermore, some other theories are also proposed in addition to the three theories
mentioned above, such as the “peptide-RNA world hypothesis,” which considers mutualism between
small peptides and RNAs to be crucial for the emergence of life on Earth [8]. Another theory called the
“Iron-Sulfur World hypothesis” postulates the chemo-autotrophic origin of life on the iron sulfide mineral

surfaces of deep hydrothermal vents [9,10]. This approach underscores the catalytic role played by Iron,
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nickel, and other transition metal centers during the conversion of simple inorganic substrates to complex

macromolecules.
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Figure 1.1 Different approaches used to explain the origin and evolution of life on Earth.
Image reproduced from Krishnamurthy, R. (2017) Acc. Chem. Res. [11]

Nonetheless, these individual approaches haven’t yet provided a comprehensive picture of the
abiotic to biotic transition. More recently, a “systems chemistry” approach has been gathering traction in
the field, which emphasizes studying the networks of interacting molecules at a systems level rather than
studying them in isolation [12,13]. This approach also stands logical from a prebiotic perspective as the
“prebiotic soup” would have contained a diverse set of chemical species concurrently interacting with
each other. Pursuing this approach further might lead to the identification of some new emergent
properties/molecules originating from the set of interacting molecules at different hierarchical levels. It
could facilitate a better understanding of life’s origin, which itself is considered an emergent
phenomenon. Notably, a recent study from Sutherland’s group provides experimental support to the
underlying principles of the systems chemistry approach. In this study, the authors reported the

unexpected emergence of lipidated species of nucleotides and amino acids along with oligonucleotides
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and peptides when they set up a single-pot reaction containing nucleotides, amino acids, and lipids in the

presence of methyl isocyanide as an activating agent [14].

Nonetheless, despite having differences, all the approaches mentioned above assume that the

formation of a protocell would have been a fundament step during the emergence of life on Earth.
1.2 Protocell: A vital intermediate step during the abiotic to biotic transition

Protocell essentially serves as a hypothetical link between a complex mixture of chemical compounds
in a prebiotic soup and the earliest life forms that are thought to have emerged from this mixture (Figure
1.2). In this context, a protocell formation is considered a stage where concurrent interactions between
chemical compounds would have given rise to an ensemble with life-like properties. From an RNA world
point of view, the protocell is defined as a cell-like entity wherein informational polymers capable of
replication and catalysis (self-replicating ribozymes) are encapsulated in a replicating membrane
compartment [15]. Another, more generalized definition of a protocell explains it as any experimental or
theoretical model containing a self-assembled compartment linked to chemical processes occurring
around or within it [16]. These chemical processes could vary from simple single-step reactions to more
complex chemical pathways, which would have also involved the reactions that produced the building
blocks of protocells themselves. Nonetheless, two processes are thought to have been fundamental for the
formation of a protocell, namely membrane assembly of amphiphiles to form compartments, and the
abiotic oligomerization of monomers to form polymers [5]. The prebiotic oligomerization reactions
mainly pertain to the formation of nucleic acids (informational and/or catalytic polymers) from

mononucleotides and the formation of peptides from amino acids (catalytic polymers).

Complex prebiotic Protocell Modern cell
soup

Figure 1.2 Protocell: A crucial intermediate step during the abiotic to biotic transition.
Content adapted from: Mansy, S.S. (2009) Int. J. Mol. Sci.[17], and
https://www.britannica.com/science/cell-biology#/media/1/101396/112877
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1.3 Defining the problem

Given that protocell formation would have involved a simultaneous occurrence of membrane
assembly and abiotic oligomerization processes being facilitated in a common milieu, it raises several

important questions:

1) How would these two processes have affected each other, and what type of environmental/geological

setting(s) would have supported the simultaneous occurrence of these processes?

2) Can such interactions generate new chemical species that might have been potentially advantageous to

the protocells themselves?

3) How would these prebiotically-pertinent processes have behaved under natural conditions instead of

the stringently-controlled laboratory conditions under which we test them today?

In my Ph.D. work, | set out to address these key questions related to the emergence of protocells on
the early Earth. In the following sections of this chapter, | will provide a brief context for each of the
guestions mentioned above, which define the subsequent chapters of this thesis. A more detailed
introduction of these specific topics and relevant background literature are provided in the individual

chapters.

1.4 Membrane assembly and abiotic oligomerization occurring under hot spring conditions: A

plausible scenario for the emergence of protocells

Terrestrial hot springs are widely considered a promising niche for the origin of life [18]. This is
mainly because of their pertinent features that can support both membrane assembly and abiotic oligomer
synthesis, and also the encapsulation of the resultant oligomers into membrane compartments to form
protocell-like structures. Unlike extant cellular membranes, which are mainly composed of phospholipids
and proteins, the protocellular membranes are thought to have been made of relatively simpler single-
chain amphiphiles (SCAs) [17]. These SCAs can spontaneously self-assemble into vesicles under certain
conditions of temperature, pH, and ionic strength [19]. Typically, the overall low ionic strength of hot
springs is thought to have been conducive to protocell membrane assembly from SCAs. Also, the diverse
pH range observed for these hot springs could have provided pertinent pH regimes that favor SCA self-

assembly.

In addition to being supportive of membrane assembly from SCAs, terrestrial hot springs, with their
other features like high temperature and wet-dry cycles, would have also facilitated abiotic
oligomerization processes. Wet-dry cycles (also known as dehydration-rehydration cycles) are a very

interesting, geologically driven feature of hot spring pools, which enable a chemical system to undergo
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consecutive aqueous and dry phases (Figure 1.3a). A dry phase occurs due to water evaporation because
of sunlight (day-night cycles) and the temperature of the hot spring. It is followed by a wet/aqueous
phase, where events like precipitation (driven by seasonal changes), dewing, or the groundwater coming
out of the hot spring replenish the water content. Reduced water activity and high temperature during the
dry phase can drive oligomerization reactions like RNA synthesis via ester bond formation and peptide
synthesis via amide bond formation. Both of these are condensation reactions involving the removal of a
water molecule. The subsequent wet phase allows the efficient remixing of both reactants and products.
Importantly, these wet-dry cycling events can also allow some cooperative interactions between
membrane assembly and abiotic oligomer synthesis, and the formation of protocell-like entities (Figure
1.3b). Specifically, the dry phase causes the formation of multilamellar sheets of membranes wherein
monomers can get concentrated and react more efficiently with each other to form higher oligomers. The
water replenishment during a wet phase causes the spontaneous formation of vesicles from these
multilamellar sheets, which could encapsulate the resultant oligomers, thereby generating protocell-like

structures.

Wet phase Dry phase

(Wet-dry cycles: a pertinent feature of terrestrial hot springs)

Protocell-like
; structures

Drying

(dehydration) Selection

. W Spontaneous
Multilamellar 2 formation of
membrane sheets — \ vesicles with
with encapsualted a5 encapsualted
monomers S i oligomers

Wetting
(rehydration)

(Protocell emergence facilitated by wet-dry cycling)

Figure 1.3 Wet-dry cycles and their role in protocell emergence. (a) Wet-dry cycle is an important

feature of terrestrial hot springs. A dry phase occurs due to water evaporation because of sunlight and the
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temperature of the hot spring. It is followed by a wet/aqueous phase, where events like precipitation,
dewing, etc., replenish the water content. (b) Wet-dry cycles can facilitate important steps of protocell
emergence. Reduced water activity and high temperature during the dry phase facilitate the abiotic
oligomerization process, which can be further enhanced in the presence of multilamellar sheets of
membranes where monomers get concentrated and react more efficiently. The water replenishment during
a wet phase causes the spontaneous formation of vesicles from these multilamellar sheets, which could

encapsulate the resultant oligomers, thereby generating protocell-like structures.
Content adapted from: Fares et al. (2020) Nat. commun. [22], YU et al. (2017) Macromolecules [23], and
Damer and Deamer (2015) Life [24]

The phenomena mentioned above have been experimentally tested mainly in the context of lipids and
RNA under hot spring-like conditions. Rajamani et al. in 2008 showed that the presence of lipids could
assist the formation of RNA-like polymers under wet-dry cycles at high temperatures [20]. Another study
by Toppozini et al. demonstrated the formation of multilamellar lipid sheets during a dry phase, which
organizes nucleotide monomers in close proximity [21]. Both these studies used phospholipids as a proxy
for membrane-forming amphiphiles and checked their effect on abiotic RNA synthesis under wet-dry
cycles. However, it is not yet known how peptide synthesis might get affected in the presence of
membrane-forming amphiphiles, especially under hot spring-like conditions. These unanswered questions
form the basis of the second chapter of my thesis, where | will discuss our systematic efforts toward
elucidating the effect of membrane-forming amphiphiles on abiotic peptide synthesis under wet-dry

cycling conditions.

1.5 The emergence of new amphiphiles through amphiphile-co-solute interactions and their

potential role as a model protoamphiphile system

An important assumption underlying both membrane assembly and abiotic oligomerization processes
is that the building blocks required for these processes were readily available on early Earth. This
supposed “prebiotic availability” of these building blocks is usually justified by two means. 1) Their
presence in extra-terrestrial objects like meteorites indicating the possibility of their exogenous delivery
on Earth through meteorite bombardment. 2) The endogenous synthesis of these molecules from simple
precursors under prebiotically-plausible conditions. For example, single-chain amphiphiles like fatty acids
that are considered plausible constituents of protocell membranes, have been synthesized under
hydrothermal conditions from simple precursors like formic acid or oxalic acid via Fischer-Tropsch-type
reaction [25]. Moreover, their presence has also been detected in meteorite samples [26]. In addition to

the above-mentioned conventional routes, there is also a possibility that reactions of existing SCAs with
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other co-solutes in a complex prebiotic soup might have also led to the formation of new amphiphilic
species (Figure 1.4). These co-solutes could have been of varying chemical nature and would have also
included those that acted as precursors of abiotic oligomerization processes, such as nucleotides and
amino acids. The generation of a new class of amphiphilic molecules via such interactions would have
further diversified the amphiphile inventory on the prebiotic Earth [27,28]. Importantly, some of these
newly-formed amphiphiles could also have implications for the formation, stability, and functioning of
protocell membranes. Therefore, to better understand the origin and early evolution of protocell
membranes, different amphiphile-co-solute interactions should be systematically evaluated for their
potential to generate new classes of amphiphilic molecules. Furthermore, different physicochemical
properties of the novel amphiphiles generated from such interactions should also be studied to discern

their significance as protocellular membranes.

Earlier literature contains some proof-of-concept studies supporting this overall phenomenon. In
2005, Apel and Deamer reported the formation of a monoglyceride from fatty acid and glycerol under
prebiotically-relevant wet-dry cycling conditions [29]. Such monoglycerides have been shown to provide
several advantages to fatty acid vesicles. They reduce the critical vesicle concentration (CVC) of fatty
acids, allowing them to self-assemble into vesicles at a lower concentration [30]. They also allow fatty
acids to form vesicles over a wider pH range [30] and provide stability to these vesicles in the presence of
metal ions [30-32]. Another case study comes from monoacyl cyclophospholipids, which have been
synthesized from fatty acid, glycerol, and phosphate, in the presence of a prebiotically-relevant
phosphorylating agent called diamidophosphate [33]. Vesicles generated by these cyclophospholipid-
based amphiphile systems are more robust than conventional fatty acid vesicles in terms of membrane

assembly over a broad pH range, and their stability in the presence of high metal ion concentrations [34].
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Figure 1.4 Formation of new amphiphiles via amphiphile-co-solute interactions in a prebiotic soup.

Interestingly, our systematic efforts toward understanding the effect of membrane-forming
amphiphiles on abiotic peptide synthesis under wet-dry cycles led to the serendipitous discovery of a new

type of amphiphilic species in the system called N-acyl amino acids (NAAs), which were generated

24



through lipid-amino acid interactions. NAA constitutes an intriguing class of SCAs containing fatty acid
and amino acid linked via an amide linkage. Their resemblance with fatty acids in terms of their
amphiphilic nature, and the presence of an amino acid as a head group makes NAAs a unique system to
be pursued as a model protoamphiphilic system. Protoamphiphiles are prebiotically-plausible amphiphiles
that might have constituted protocell membranes on early Earth [28]. However, to our knowledge, NAAs
themselves have not been explored as protoamphiphilic molecules. In the third chapter of this thesis, I
will discuss our systematic assessment of NAAs as a model protoamphiphile candidate and their potential

role in generating robust and functional protocell membranes.
1.6 Testing prebiotic membrane assembly process under natural, early Earth analogue conditions

The conventional approach usually followed in the origin of life research involves mimicking early
Earth conditions in the laboratory and performing prebiotically-pertinent experiments under such
conditions. It also includes reactions pertaining to the emergence of protocells under hot spring-like
conditions that were discussed in earlier sections. This approach comes with an implicit assumption that
such reactions will behave similarly and give comparable results under natural conditions as well.
However, it should be noted that experiments performed in the laboratory involve the usage of pure
reagents and solvents, and are usually stringently controlled and optimized for the reaction of interest.
Therefore, results obtained under laboratory conditions may subject to change if such reactions occur

under natural conditions that are incredibly complex and have a diverse set of molecules (Figure 1.5).

Will these results also

hold under natural,
Prebiotic reactions performed early Earth analogue
under laboratory conditions conditions?

Figure 1.5 Importance of validating laboratory outcomes under natural conditions.
Content adapted from: Alkaline spring image (Shoshone Lake Geyser Basin, Yellowstone National Park)
by Bob Lindstrom, 1996; source: National Park Service (2013).
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Therefore, one needs to systematically validate the laboratory outcomes of prebiotic reactions under
natural conditions to get a more “realistic” and comprehensive understanding of the emergence of life

phenomenon. After all, life started in nature and not in the laboratory.

In this context, Dr. David Deamer’s group performed some prebiotically-pertinent experiments
directly in hot spring pools in the field [35], as these geological settings are considered a potential niche
where life might have originated. However, the authors mention many practical limitations and challenges
while pursuing this approach. To tackle these problems, we have adopted an alternative approach with Dr.
Deamer and a few other researchers, where we collect samples from such natural, early Earth analogue
sites, and use them to perform experiments in the laboratory. This will give a more realistic sense of how
prebiotic processes might occur in natural conditions compared to stringently-controlled laboratory
conditions. In the fourth chapter of this thesis, | will discuss some systematic experiments that we have
performed in this regard, where we collected water samples from natural hot spring sites in two countries,
having features analogous to early Earth conditions. These samples were used to study the prebiotic
membrane assembly process from different protoamphiphilic systems to glean “more realistic” insights

into how protocell membranes would have been generated under terrestrial hot spring conditions.
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Chapter 2

THE EFFECT OF A MEMBRANE-FORMING AMPHIPHILE ON
ABIOTIC PEPTIDE SYNTHESIS UNDER WET-DRY CYCLES

Adapted from: Chemical Science (2021) 12, 2970-2978
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2.1 Introduction

Proteins constitute more than half of the cell membrane in extant biology [1] and play a
vital role in maintaining its structural integrity and functionality [2]. This remarkable synergy
observed between proteins and membranes in modern cells is likely to be a relic of the co-
evolution of membrane assembly and peptide synthesis processes that would have occurred
during the early history of life’s origin. Importantly, these co-evolutionary processes would have
played a crucial role in the formation of first protocells on the early Earth [3]. Therefore, several
aspects of the interdependence between peptide synthesis and membrane assembly have been
pursued in the field of prebiotic chemistry [4-9]. However, one of the fundamental questions that
need to be addressed to understand this interplay is, what are the possible ways in which
membrane-forming amphiphiles would have influenced nonenzymatic peptide synthesis? A
membrane-forming amphiphile may affect peptide synthesis at a systems level, wherein
amphiphiles assemble into vesicles and facilitate peptide formation either by concentrating
monomers through encapsulation [10], preventing the hydrolysis of activated precursors [11], or
via surface catalysis through non-covalent interactions [12-16]. A relatively less explored
alternative possibility is that the amphiphile may affect peptide synthesis at a molecular level,
where it could covalently interact with an amino acid, thereby generating a new chemical species
having properties of both an amphiphile and an amino acid. This is an interesting possibility to
consider because such novel compounds, emerging via this chemical cross-talk, would not only
have diversified the prebiotic soup, but could have also conferred some form of selective

advantage for the protocell formation process.

Previous studies exploring the effect of amphiphiles on peptide synthesis have mainly
investigated the oligomerization of activated amino acids in the presence of model membranes
[11-16]. However, given the inherent instability associated with oligomer assembly involving
activation chemistry, this process would have been less feasible under high temperature
geochemical settings [17], such as terrestrial hot springs and submarine hydrothermal vents;
which are widely considered as plausible niches for the origin of life [18-20]. Particularly, N-
carboxyanhydrides (NCAs) of amino acids have been shown to predominantly form cyclic
peptides at high temperature, which hinders further growth of the polypeptide chain making them

unsuitable to form longer peptides in the above-mentioned niches [21].
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Therefore, it is important to evaluate the effect of amphiphiles on peptide synthesis using
non-activated amino acids, under prebiotically plausible conditions. However, considering the
kinetic [22] and thermodynamic [23] constraints on peptide bond formation, peptide synthesis
from non-activated amino acids in the absence of sophisticated enzymatic machinery on the early
Earth is thought to have been a challenging task. As a potential solution to this problem, several
prebiotically plausible routes have been proposed which can facilitate the formation of peptides
from non-activated amino acids [24-33], many of which use wet-dry cycling at high
temperature. Peptide bond formation between non-activated amino acids involves the removal of
a water molecule, which is facilitated by reduced water activity in the dry phase. A subsequent
rehydration during the wet phase allows for the mixing and redistribution of, both, the reactants
and products. Also, the elevated temperature provides the necessary activation energy required
for this process to occur [34]. Thus, wet-dry cycling is an efficient process for the generation of
peptides from non-activated amino acids [27]. Furthermore, as mentioned earlier, these wet-dry
cycles and high temperature would have been prevalent features of terrestrial hot springs, which
is a highly probable candidate niche for the origin of life on Earth [18,19]. Interestingly, wet-dry
cycling has also been known to facilitate the synthesis of nucleic acids, and several studies have
evaluated the effect of lipids as a co-solute on the abiotic nucleic acid synthesis under wet-dry
cycling conditions [35-38]. However, to our knowledge, the effect of amphiphiles on peptide

synthesis under wet-dry cycles has yet to be explored.

In this chapter, I will discuss our systematic investigation on the effect of phospholipid as
a model membrane-forming amphiphile, on the peptide synthesis from non-activated glycine
(Gly), under wet-dry cycles at high temperature. We demonstrate a molecular level effect of the
amphiphile, wherein the peptide synthesis reaction is accompanied by a parallel competing
reaction involving the covalent interaction between the amino acid and phospholipid to form an
N-acyl amino acid. The NAA synthesis also occurs with several other amino acids and
phospholipids showing the generality of this reaction. I will also discuss the plausible mechanism
for the formation of NAA from an amino acid and a phospholipid, and the potential competing

nature of peptide synthesis and NAA synthesis reactions.
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2.2 Materials and Methods
2.2.1 Materials

All the phospholipids and NAA standards were purchased from Avanti polar lipids
(USA). The rest of the chemicals and reagents, including amino acids, were bought from Sigma-
Aldrich (India). All reagents were of analytical grade and used without further purification.

2.2.2 Setting up the wet-dry cycling reaction

In a typical reaction, adequate volume of 25 mg/ml lipid (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC)) chloroform stock, required to prepare 200 pl of 8 mM POPC
solution, was taken in a glass vial. The chloroform was evaporated to form a dry lipid film,
which was rehydrated with 200 ul of 80 mM Gly pH 9.8 solution to get a mixture of the Gly and
the POPC in 10:1 ratio. This solution was then subjected to wet-dry cycles at 90 °C on a heating
block (RCT basic, IKA). Each wet-dry cycle duration was 24 hours, where a solution was
allowed to evaporate to dryness at 90 °C and again rehydrated after 24 hours with 200 pl of
ultrapure water, and vortexed briefly to remix the components. The same procedure was
followed for multiple wet-dry cycles. At the end of wet-dry cycling, the reaction was rehydrated
with 200 pul of ultrapure water, vortexed and stored at 4 °C until further analysis. Other reactions
like only Gly (80 mM) and only POPC (8 mM) control reactions, and those with other amino
acids and phospholipids, were also performed under the same reaction conditions, excepting for
a few variations in some reactions. In POPC concentration variation experiments, the
concentration of Gly was maintained at 80 mM while that of POPC was varied as 4 mM, 8 mM
and 16 mM to get Gly to POPC ratios of 20:1, 10:1 and 5:1, respectively. In the Lys + POPC
reaction, pH was set to 9.1 in order to account for the lower pKa of a-amino group of Lys (8.9).
In the Asp + POPC reaction, 30 mM Asp and 3 mM POPC (10:1 ratio) was used due to the low

solubility of Asp in water. In the Gly + POPC reaction under acidic conditions, the pH was 3.
2.2.3 Separation of lipids from Gly oligomers in a reaction mixture

Before mass analysis, lipids were separated from Gly oligomers using the butanol-hexane
(BH) extraction. Briefly, 100 ul of the reaction mixture was diluted by adding 200 ul of ultrapure
water. To this diluted sample, 300 pl of butanol was added and vortexed briefly. The solution

was then centrifuged at 13,000 rpm for 1 minute. The upper butanol layer was collected in a
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separate vial and the butanol extraction step was repeated once again. Then, 150 ul of hexane
was added to the aqueous layer. This solution was vortexed and centrifuged at 13,000 rpm for 1
minute. The upper hexane layer was removed carefully and stored separately at 4 °C. The
remaining solution was evaporated to dryness at 30 °C in CentriVap DNA vacuum concentrator
(Labconco). The dry layer was dissolved in 100 ul of ultrapure water to reconstitute the aqueous
phase containing free Gly and its oligomers, which was analysed by LC-MS. Whereas, the
butanol phase containing all the lipids was analysed using HRMS. For experiments involving the
quantification of Gly oligomers, a control reaction containing 80 mM Gly without POPC was
also subjected to BH extraction to account for the loss of Gly oligomers during the extraction

process.
2.2.4 Detection and quantification of Gly oligomers

Gly oligomers formed in the Gly control and the Gly + POPC reactions were analysed by
Liquid Chromatography-Mass Spectrometry (LC-MS; ExionLC coupled with X500R-QTOF
MS; SCIEX). Samples were prepared from the aqueous phase of the BH extraction mixture, with
1:10 dilution in ultrapure water and acidified with 0.1% v/v formic acid, to which 10 nmoles of
dialanine was added as an internal standard. 50 ul aliquots of Samples were passed through a
reversed phase Cis column (Phenomenex Luna 5 um C18(2) 100 A, 250x4.6 mm) attached to a
guard column (Phenomenex Luna 5 pm C18(2) 100 A, 50x4.6 mm) at 0.5 ml/min flow rate with
a linear gradient mixture of solvents A (water + 0.1% v/v formic acid) and B (100% acetonitrile
+ 0.1% v/v formic acid) over 32 minutes as follows: 0 min, 100% A; 4 min, 100% A; 14
min,35% B; 15 min, 100% B; 23 min, 100% B; 24 min, 100% A; 32 min, 100% A.

For the TOFMS and MS/MS analysis, following parameters were used: ion source
temperature = 400 °C, ion polarity was positive, ionspray voltage = 5500 V, declustering
potential = 70 V, collision energy (CE) was 5 eV for MS analysis and a collision energy spread
of 20 eV was used during MS/MS analysis to induce optimum fragmentation. The identity of Gly
oligomers was confirmed by checking for the expected oligomer mass in MS spectra, and their
respective fragmentation patterns upon MS/MS analysis. Data acquisition and analysis was done
using SCIEX OS software. The peak area of the internal standard (dialanine) was used to

normalize the peak areas of Gly oligomers, which were then summed up to get the overall
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oligomer yield. All quantitation experiments were performed in at least 3 to 4 replicates, while

the rest of the experiments were repeated independently at least two times.

2.2.5 Detection and identification of NAAs using thin-layer chromatography (TLC) and
high resolution mass spectrometry (HRMS)

The Gly + POPC and other control reactions were analysed by TLC using a normal phase
silica plate (Merck) using chloroform, methanol, and water (65:25:4) as a solvent system, and
visualized by staining with either iodine or primuline. During the BH extraction of Gly + POPC
and other control reactions, the butanol phase containing all the lipidic species in the reaction
was collected separately. The butanol was then evaporated under vacuum, and the dry lipid film
was re-suspended into methanol and analysed by HRMS (SYNAPT G2 High Definition Mass
Spectrometer equipped with QTOF mass analyzer; Waters) through direct injection of the
samples. Molecules were ionized using electrospray ionization (ESI) method in negative ion
mode with capillary voltage of 3 kV. Sometimes positive ion mode was also used for the
detection of POPC and its degradation products. The NAAs corresponding to other amino acids
and phospholipids were also analysed similarly. For getting highly accurate mass data (< 5
ppm), LockMass correction was applied using Leucine encephalin as an internal standard. The

ppm error was calculated using the following formula:
ppm error = ((observed mass — theoretical mass) + theoretical mass) * 1000000

The MS/MS analysis of NOG and NPG standards and reaction products was performed similarly
in negative ion mode using a collision energy of 10 eV to induce fragmentation. Data acquisition
and analysis was done using MassLynx software from Waters.

2.2.6 NMR analysis of NAA standards and reaction products

NMR samples were prepared by drying the butanol phases that were collected separately during
the BH extraction of Gly + POPC (10:1) and 8 mM POPC control reactions. The dry lipid film
was then dissolved in 750 pl of DMSO-ds. For NOG and NPG standards, 1 mg of the dry
powder of the corresponding NAA was directly dissolved in 600 pl of DMSO-ds. All these
samples were subjected to *H NMR analysis on a Bruker 400 MHz Spectrometer at 1ISER Pune
NMR facility, and the corresponding NMR spectra were analysed using Mnova software from
Mestrelab.
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2.3 Results
2.3.1 Formation of glycine oligomers under wet-dry cycles in the presence of phospholipid

Earlier studies have shown that peptides could efficiently form under wet-dry cycles at
high temperature and alkaline pH from non-activated amino acids, using Gly oligomerization as
a model reaction [27,39]. We used similar conditions to explore the effect of a model membrane-
forming amphiphile on peptide synthesis, by studying the Gly oligomerization reaction in the
presence of POPC. Phospholipids such as POPC are often used to study the effect of membrane-
forming amphiphiles on prebiotically pertinent processes[15,38,40]. This is mainly because they
are the major constituents of contemporary cell membranes and have also been shown to get
synthesized under certain prebiotically relevant conditions [41-44]. Furthermore, they could
readily form stable vesicles under varied experimental conditions, making it easy to monitor the
effect of membrane on the reaction of interest. As a first step, we asked whether Gly oligomers
(peptides) are produced in the presence of POPC and, if yes, what their overall yield might be.

Towards this, we subjected 80 mM Gly solution of pH 9.8, containing 4 mM POPC (20:1
ratio of Gly to POPC), to five wet-dry cycles at 90 °C, with each cycle being a duration of 24
hours. The POPC was then separated from the reaction mixture using Butanol-Hexane extraction
method, where POPC preferentially goes into the butanol (organic) phase while free Gly and its
corresponding oligomers will remain in the aqueous phase. Upon LC-MS analysis (positive ion
mode) of the aqueous phase, we observed the formation of Gly oligomers in the presence of
POPC (Figure 2.1a). However, the overall oligomer yield was lower in the presence of POPC
than in the control reaction containing only Gly (Figure 2.1b). We also note that the formation of
Gly oligomers under wet-dry cycles followed a typical pattern consistent with earlier studies
[27], where the yield of shorter oligomers was higher than the longer ones. This overall pattern
seemed to remain same even in the presence of amphiphiles. Therefore, although the individual
yields of different oligomers were lower in the presence of amphiphiles, the shorter oligomers
were more abundant than the longer ones (Figure 2.2). We also detected diketopiperazine (DKP),
a cyclic dipeptide of Gly, in the reaction, whose yield was lower in the presence of POPC.
However, we did not include it while quantifying the total oligomer yield, as DKP is usually
considered a dead-end byproduct in the peptide synthesis process. Other variations of Gly to

POPC ratios, like 10:1 and 5:1, were also investigated where the Gly concentration was 80 mM
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and POPC concentrations were 8 mM and 16 mM, respectively, where we observed a decrease in
the oligomer yield even at these POPC concentrations (Figure 2.3). Gly oligomerization has been
shown to be more efficient at higher temperatures like 130 °C, both in terms of the overall yield
and the formation of longer oligomers [27]. Therefore, we also studied Gly oligomerization in
the presence of 4 mM POPC (20:1 ratio of Gly to POPC) at 130 °C. It was observed that
although the overall yield and the length of the oligomers formed were both better at 130 °C than
90 °C, the effect of POPC was similar to that of the 90 °C reaction, where the oligomer yield was
lower in the Gly + POPC reaction (Figure 2.4). This indicated that the observed decrease in the
oligomer vyield at 90 °C in the presence of POPC was not merely due to the lower reaction
temperature. Also, temperatures below 100 °C would have been more consistent with
temperatures of terrestrial hot springs than those exceeding the boiling point of water [45].
Therefore, we decided to use 90 °C as the reaction temperature for further investigation of these

results.
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Figure 2.1 Formation of Gly oligomers in the presence of POPC under wet-dry cycles and the effect

of POPC on their overall yield. (a) Gly + POPC reaction, which was subjected to five wet-dry cycles at
90 °C, showed the presence of Gly oligomers. The concentrations of Gly and POPC are 80 mM and 4
mM respectively (Gly to POPC ratio is 20:1). (b) Relative abundances of individual oligomers are
summed up to give the overall oligomer yield, which was found to be lower in the presence POPC (Gly +
POPC) than that of the 80 mM Gly control (Gly — POPC) reaction. All glycine peptides were detected and
guantified using LC-MS in positive ion mode (see methods for more details). The error bars represent
standard deviation (N = 4).
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Effect of POPC on individual glycine oligomer yields
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Figure 2.2 Effect of POPC on the yield of individual Gly oligomers. Although the yield of individual
oligomers decreases the presence of POPC, The shorter oligomers are still more abundant than the longer

ones. The reaction conditions were same as that mentioned in Figure 2.1.
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Figure 2.3 Effect of POPC on Gly oligomer yield with varying Gly to POPC ratios. The observed
effect of POPC on Gly oligomer yield is consistent over different concentrations of POPC, where the
overall yield decreases in the presence of POPC. The Gly concentration is 80 mM and the POPC
concentration is varied as 4 mM (G + P; 20:1), 8 mM (G + P; 10:1), and 16 mM (G + P; 5:1),
respectively. G — P represents the control reaction, which contains only Gly (80 mM). The overall yield
was quantified using LC-MS in a positive ion mode. Error bars represent standard deviation (N = 3).
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Figure 2.4 Effect of POPC on overall glycine oligomer yield at 130°C. The effect was similar to that of
the 90°C reaction, wherein the yield is lower in the presence of POPC (Gly + POPC) as compared to the
control reaction (Gly — POPC). The concentrations of Gly and POPC are 80 mM and 4 mM respectively
(Gly to POPC ratio is 20:1). Oligomers were quantified using LC-MS in a positive ion mode. Error bars

represent standard deviation (N = 4).
2.3.2 Formation of NAAs in the reaction containing glycine and POPC

Intrigued by the lower yield of Gly oligomers in the presence of POPC, we hypothesized
that one of the plausible reasons for getting these results might be a reaction of free Gly with the
POPC, potentially forming a new chemical species. Preferential utilization of Gly for this
alternative reaction might have caused the decrease in oligomer yield in the presence of POPC.
Therefore, we started exploring whether any new product had formed in the Gly + POPC
reaction, in addition to the Gly oligomers. As a preliminary check, we analysed reaction samples
using thin-layer chromatography. The chromatographic separation indeed revealed the formation
of a new product only in the Gly + POPC reaction that underwent wet-dry cycling (Figure 2.5).
The new product seemed to be more non-polar than POPC, as it moved ahead of the POPC band
on the TLC plate (Figure 2.5). It also preferentially went into the butanol phase during BH
extraction indicating its plausible lipidic nature, and was not stained by ninhydrin suggesting the

absence of a free amino group in it. It was further observed that the intensity of the new band
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increased with increasing POPC concentration (Figure 2.6a), and almost a complete conversion
of POPC to the new product occurred by the end of five wet-dry cycles at 90 °C (Figure 2.6b).
Therefore, we decided to use Gly + POPC in 10:1 ratio and five wet-dry cycles at 90 °C as
standard reaction conditions for further identification and characterization of this new product.

s e +— Solvent front

+« <+«—New product
v & <—POPC

Key —
1: G + P without wet-dry cycles
2: Only G with wet-dry cycles
3: Only P with wet-dry cycles

1 2 3 4 4 G+Puwith wet-dry cycles

Figure 2.5 TLC analysis of Gly (G) + POPC (P) reaction mixture. The reaction was subjected to five
wet-dry cycles at 90°C. A new spot is observed in lane 4, which is absent in other control reactions (lanes
1-3), indicating the formation of a new product upon wet-dry cycling in the Gly + POPC reaction. Rt
values for the POPC and the new product are 0.31 and 0.38 respectively. TLC analysis was performed on
a normal phase silica plate using chloroform, methanol, and water (65:25:4) as the solvent system, and
spots were visualized by staining with the fluorescent dye primuline, whose fluorescence increases in the

presence of molecules containing long hydrocarbon chains.
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Figure 2.6 Effect of POPC concentration and wet-dry cycles on the formation of new product as

| Key:

1. Gly + POPC (20:1)
2. Gly + POPC(10:1)
3. Gly + POPC(5:1)

analysed by TLC. (a) The intensity of the new spot increases with increasing POPC concentration (lanes
1-3). The Gly concentration is 80 mM while the POPC concentration varies as 4 mM (Gly + POPC;
20:1), 8 mM (Gly + POPC; 10:1), and 16 mM (Gly + POPC; 5:1), respectively. (b) The conversion of
POPC to the new product increases with increasing wet-dry cycles (lanes 2-4), and almost all of the
POPC gets converted to the new product by the end of five wet-dry cycles (lane 4). There are few other
spots observed in the Gly + POPC reaction (lanes 2 and 3), which are also present in the TLC in panel a.
These spots possibly correspond to the transient species formed during the conversion of POPC to the
new product, which almost disappear over five wet-dry cycles (lane 4). The TLC analysis was performed
on a normal phase silica plate using chloroform, methanol, and water (65:25:4) as the solvent system, and

the spots were visualized with iodine staining.

As the majority of the new product was recovered in the butanol phase during the BH extraction
of the Gly + POPC reaction, the butanol phase was analyzed using high resolution mass
spectrometry. Upon HRMS analysis (negative ion mode), we observed two predominant masses
corresponding to N-palmitoylglycine (NPG) and N-oleoylglycine (NOG) (Figure 2.7a, Table
2.1), which were absent in the POPC alone control reaction (Figure 2.7b, Table 2.1). These
results corroborated our hypothesis about the formation of a new chemical species by the
reaction of Gly and POPC, along with Gly oligomers, in the Gly + POPC reaction (Figure 2.7c).
We also observed phosphocholine-based hydrolysis products in our POPC control reaction when

it was analyzed by HRMS in positive ion mode (Figure 2.8).
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Figure 2.7 Formation of NAAs in the Gly + POPC reaction. (a) HRMS analysis (negative ion mode)
of the butanol phase collected during BH extraction of the Gly + POPC wet-dry cycling reaction shows
two predominant peaks with masses corresponding to NAAs namely, NPG ([M-H]- = 312.2529) and
NOG ([M-H] = 338.2697). (b) HRMS analysis (negative ion mode) of the butanol phase of the only
POPC control reaction shows masses corresponding to POPC and its hydrolysis products, but not that of
NPG and NOG. The hydrolysis products of POPC include free fatty acids like palmitic acid (PA) and
oleic acid (OA). The reaction was subjected to five wet-dry cycles at 90°C and the concentration of POPC
was 8 mM. (c) An overview of the reactions occurring in the Gly + POPC mixture, under wet dry cycles.
Gly can either react with another Gly molecule to form diglycine or it can react with POPC to generate
NAAs (NPG and NOG). Diglycine may undergo further elongation to form higher oligomers or cyclize to
form DKP.
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Figure 2.8 Detection of phosphocholine-based hydrolysis products in the POPC control
reaction. The HRMS analysis of the butanol phase of the only POPC control reaction in positive ion
mode shows masses corresponding to intact POPC and its hydrolysis products lacking one fatty acyl
chain (POPC — OA and POPC - PA).

As the polarity of NPG and NOG is similar, they did not separate on a TLC plate and were
observed as a co-spot upon TLC analysis, thereby giving the initial impression of the formation
of a single new product in the reaction. The identity of NPG and NOG was further confirmed by
HRMS/MS and NMR analysis. Upon MS/MS analysis, the fragmentation patterns of NPG and
NOG formed in the reaction were observed to be overlapping with those produced by
commercially purchased NPG and NOG standards, respectively (Figure 2.9a and 2.9b). The *H
NMR analysis of the butanol phase of Gly + POPC reaction (Figure 2.9c), which contained NPG
and NOG, but not the Gly peptides, showed a signature peak at around 8 ppm for the
exchangeable hydrogen attached to the nitrogen atom of the amide linkage present in both NPG
and NOG. It was in good agreement with similar peaks observed in the *H NMR analysis of
NPG and NOG standards analyzed under the same conditions (Figure 2.9c). Notably, this peak
was absent in the *H NMR spectrum of the POPC control reaction (Figure 2.9¢). These results
confirmed that the new product formed in the Gly + POPC reaction was a mixture of NPG and

NOG, both of which belong to a class of amphiphiles called N-acyl amino acids. The NAA, also
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known as a lipoamino acid, is a conjugate of an amino acid and a fatty acid that are joined by an
amide linkage. Considering their plausible prebiotic availability, NAAs along with fatty acids
and other related amphiphiles, can together be designated as protoamphiphiles; a group of
prebiotically pertinent amphiphiles that would have served as components of membrane

compartments of primitive cells on the early Earth.

Table 2.1 Masses corresponding to different amphiphiles that were detected during the HRMS
analysis of the Gly + POPC and the only POPC control reactions.

. Chemical Theoretical Observed Error
Reaction - Exact mass lon type
type species mass mass (ppm)
observed
NPG 313.2617 312.2544 312.2529 -4.8
Gly + POPC [M-H]
NOG 339.2773 338.2701 338.2697 -1.2
PA 256.2402 255.233 255.2315 -5.9
[M-H]
OA 282.2559 281.2486 281.2488 0.7
[M+HCOO] 804.576 804.5735 -3.1
Only POPC
POPC 759.5778
[M+H]* 760.5851 760.5867 2.1
POPC - PA | 521.3481 522.3554 522.3551 -0.6
[M+H]"
POPC - OA | 495.3325 496.3398 496.3406 1.6
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Figure 2.9 Confirmation of NAA formation in the Gly + POPC reaction by HRMS/MS and NMR
analysis. HRMS/MS analysis of (a) NPG and (b) NOG, formed in the Gly + POPC reaction, whose

fragmentation pattern overlaps with those produced by commercially purchased NPG and NOG

standards, respectively. The analysis was performed in the negative ion mode. (c) The *H NMR analysis

of the butanol phase collected during the BH extraction of Gly + POPC reaction (3" trace from the top)

shows a signature peak corresponding to the hydrogen atom involved in the amide linkage at around 8

ppm. This peak is also present in *H NMR spectra of NPG and NOG standards (top two traces). However,

this peak is not observed in the *H NMR spectrum of the POPC control reaction (last trace).
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2.3.3 NAAs formed by other amino acids and phospholipids

After confirming the formation of NAAs in the Gly + POPC reaction, we sought to
explore whether this reaction is specific to only Gly and POPC, or if it could be extended to
other amino acids and phospholipids as well. Towards this, two sets of experiments were
performed. Firstly, the amino acid component was varied by setting up reactions of POPC with
Alanine (Ala) and Valine (Val), which are considered among the most prebiotically abundant
proteinaceous amino acids other than Gly [46-49]. Secondly, the lipid component was varied by
performing reactions of Gly with short-chain phospholipids, namely 1, 2-didecanoyl-sn-glycero-
3-phosphocholine (C10 PC) and 1, 2-dioctanoyl-sn-glycero-3-phosphocholine (C8 PC). These
phospholipids were specifically selected to check if short-chain NAAs could also form under
wet-dry cycling conditions. This is an important phenomenon to be validated because short-chain
amphiphiles are of particular interest as plausible membrane components of protocells, owing to
their prebiotic abundance [50,51]. All the variation experiments were performed under the same
standard set of reaction conditions mentioned above for the Gly + POPC reaction (amino acid to
lipid ratio of 10:1, pH 9.8, and five wet-dry cycles at 90 °C). The resultant reaction mixtures
were then subjected to BH extraction followed by HRMS analysis of the butanol phase, to check
for the presence of NAAs. In the amino acid variation experiments, we did observe masses

corresponding to NAAs containing Ala and Val (Figure 2.10a and Figure 2.10b, Table 2.2).
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Figure 2.10 NAA formation by other amino acids and phospholipids. HRMS analysis (negative ion
mode) of butanol phase of (a) Alanine + POPC reaction shows the formation of N-palmitoylalanine
(NPA; [M-H] = 326.2692) and N-oleoylalanine (NOA; [M-H] = 352.2845), (b) Valine + POPC reaction
shows the formation of N-palmitoylvaline (NPV; [M-H] = 354.3015) and N-oleoyl valine (NOV; [M-H]
= 380.3169). In both Alanine and Valine reactions, we also observed peaks corresponding to free fatty
acids, namely palmitic acid (255.23) and oleic acid (281.24), with significant intensities. (c) The reaction
of Gly with C10 PC shows the formation of N-decanoylglycine. (d) The reaction of Gly with C8 PC

shows the formation of N-octanoylglycine.
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Table 2.2 Different NAA masses observed during the HRMS analysis of the amino acid and lipid

variation reactions.

Theoretical mass Observed mass Error
NAA Acronym | Exact mass
[M-H] [M-H] (ppm)
N-palmitoylalanine NPA 327.2773 326.2701 326.2692 -2.8
N-oleoylalanine NOA 353.293 352.2857 352.2845 -3.4
N-palmitoylvaline NPV 355.3086 354.3014 354.3015 0.3
N-oleoylvaline NOV 381.3243 380.317 380.3169 -0.3
N-decanoylglycine - 229.1678 228.1605 228.1599 -2.6
N-octanoylglycine - 201.1365 200.1292 200.1289 -15
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Encouraged by these results, we also tried POPC reaction with amino acids having different side
chains properties like Lysine (positively charged), Aspartic acid (negatively charged) and Serine
(polar uncharged), to check the effect of amino acid side chain variation on NAA formation. We
observed NAA formation from these amino acids as well, which indicates that different amino
acids can indeed react with a phospholipid under wet-dry cycles to form corresponding NAAs.
However, the efficiency of NAA formation by amino acids other than Gly appeared to be lower
than that for Gly, potentially owing to the increased complexity of their side chain. This is
particularly reflected in their mass spectrum, where significant peaks of free fatty acids (PA and
OA\) that were generated during the hydrolysis of POPC, are detected (Figures 2.10a and 2.10b).
As these amino acids react less efficiently with POPC, the NAA formation would be overridden
by POPC hydrolysis, which is a plausible alternative fate for POPC under alkaline, high
temperature conditions as observed in the POPC control reaction without any amino acid (Figure
2.7b and Figure 2.8). In the lipid variation experiments, the formation of N-decanoylglycine and
N-octanoylglycine was detected in Gly + C10 PC and Gly + C8 PC reactions, respectively
(Figures 2.10c and 2.10d, Table 2.2), demonstrating the synthesis of short-chain NAA under wet-
dry cycling conditions. Overall, these results confirmed that amino acids and phospholipids,
other than Gly and POPC, could also react under prebiotic conditions to generate corresponding

NAAs, reiterating the complexity inherent to the prebiotic soup.
2.3.4 A plausible reaction mechanism

The formation of NAAs by the reaction between amino acids and phospholipids, which
contain fatty acyl chains linked to the glycerol backbone via an ester linkage, could be explained
mechanistically as a classic example of an ester-amide exchange process. Under alkaline
conditions, the nucleophilic amino group (-NHz) of the amino acid attacks the carbonyl carbon of
either of the two ester linkages present in the phospholipid to form the corresponding amide
(NAA) (Figure 2.11). For example, if the nucleophilic attack by Gly occurs at the ester linkage
joining the oleoyl group to the glycerol backbone of POPC, then the resultant product will be N-
oleoylglycine. Similarly, an attack on the ester bond linking palmitoyl group to the glycerol
backbone of POPC will form N-palmitoylglycine. This ester-amide exchange occurs more
efficiently at higher temperatures[26], similar to what was used in this study. The reaction
between Gly and POPC resulting in NAA was also found to be occurring at pH 3, albeit less
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efficiently, possibly due to the decreased nucleophilicity of the amino group under acidic
conditions. These results further support the putative mechanism mentioned above for the
formation of NAAs via an ester-amide exchange. Also, NAA formation by other amino acids and

phospholipids indicate the generality of this process.

0
R - Amino acid (amino acid) )H/ (O R' and R? may be same or
side chain B _J)LR different with chain lengths
0 0._\_0z R? varying from C8 to C18

(phospholipid) >N*~p-
A O o ﬁﬁoﬁ

6)%,NH2

R
,@y ”oo
S ®
&
o OH j)\
- 2
\N+'\/O*P'O\)\/O\H/R - 0" "R!
- . @)
0 O \N+\,O~|_;,,O\)\/OH
0
* +
R O O Hy
. - 2
om)\HJLR1 OJ\/N\H,R
@) R O
(N-acylamino acid) (N-acylamino acid)

Figure 2.11 Reaction mechanism for the NAA formation from amino acids and phospholipids. At
alkaline pH, the deprotonated, nucleophilic amino group of an amino acid attacks the carbonyl carbon of
one of the ester linkages in a phospholipid (route A or B) to give the corresponding NAA, and a
phospholipid with one less acyl chain. If both the acyl chains (R! and R?) of a phospholipid are the same
(like in the C8 PC and in C10 PC) then only one type of NAA will be produced. However, a phospholipid
with two different acyl chains (like in POPC) will give rise to two different types of NAAs in the reaction

In view of this mechanism, the observed decrease in the Gly oligomer yield in the
presence of POPC (Figure 2.1b and Figure 2.2) can also be readily explained. In the Gly + POPC
mixture, two types of reactions that mainly occur are peptide synthesis and NAA synthesis, both
of which involve the formation of an amide linkage, although via different modes (Figure 2.12).

In peptide synthesis, the amide bond is formed via an acid-amine coupling, while in the case of
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NAA synthesis it is formed through an ester-amide exchange process. The latter reaction would
be kinetically more favorable, as the ester-amide exchange involves —OR as a leaving group,
which is a better leaving group than the —OH that is involved in the acid-amine coupling. This
kinetic feasibility of amide bond formation via ester-amide exchange has been previously
discussed in the context of depsipeptides [52]. Thus, NAA synthesis could outcompete peptide
synthesis for the utilization of the free Gly under our reaction conditions, which would have

caused the lowering of the Gly oligomer yield in the presence of POPC.
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Figure 2.12 Mechanism of the amide bond formation in peptides versus in the NAAs. Two types of
reactions that mainly occur in Gly + POPC reaction under wet-dry cycles are peptide synthesis and NAA
synthesis, both of which involve the formation of an amide linkage, although via different modes. In
peptide synthesis, the amide bond is formed via an acid-amine coupling that involves —OH as a leaving
group. In the case of NAA synthesis, amide bond formation occurs through an ester-amide exchange
reaction that involves —OR as a leaving group. The latter reaction would be kinetically more favorable

than the first one, as —OR is a better leaving group than —OH.
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2.4 Discussion

In this study, we explored the dynamic interplay between membrane assembly and
peptide synthesis under prebiotically pertinent conditions. This was done by investigating the
effect of phospholipid as a model membrane-forming amphiphile, on the peptide synthesis
process involving non-activated Gly monomers. These reactions were carried out under wet-dry
cycles at high temperature, which are characteristic features of terrestrial geothermal pools/hot
springs. In the presence of POPC, Gly underwent two types of concurrent yet competing
reactions; one leading to the synthesis of Gly peptides via a conventional condensation reaction,
while the other resulted in the formation of NAAs from Gly and POPC via an ester-amide
exchange process. Both these reactions are dependent on the free Gly monomer pool in the
reaction mixture, resulting in the simultaneous synthesis of peptides and amino acid containing
protoamphiphiles, from a common set of reactants molecules. Recent studies report the synthesis
of both peptides and NAAs in a common reaction, albeit using activated amino acids [53], and
the generation of lipidated species of amino acids and peptides by adding external activating
agent [54]. Our work demonstrates that this phenomenon can occur with non-activated amino
acids and, importantly, without the help of any external activating moiety. They do so by simply
relying on the reaction conditions like high temperature and wet-dry cycles, which are more
prebiotically-pertinent. Nonetheless, such one-pot reactions are indicative of the intricate
reaction network and kinetics, which would have been an inherent feature of a complex prebiotic
soup. In this heterogeneous mixture, both cooperative and competitive types of reactions would
have occurred simultaneously by utilizing a common pool of starting materials, resulting in

different classes of product molecules with their own prebiotic implications.

We further showed that NAAs could also be formed by using different amino acids and
phospholipids under wet-dry cycles, indicating the generality of this reaction. Significantly, the
formation of NAAs by amino acids having diversity in their side chain highlights how such
processes could contribute to increasing the amphiphile diversity on prebiotic Earth. We propose
that the NAA synthesis from amino acids and phospholipids, likely followed an ester-amide
exchange process. So far, this process has been discussed in a prebiotic context mainly during
the formation of depsipeptides from a mixture of hydroxy acids and amino acids [26]
(depsipeptides are considered as prebiotically plausible and relevant protopeptides). However, to
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our knowledge, the process of ester-amide exchange has not been reported with amino acids and
lipids in a prebiotic scenario. The formation of NAAs in our reaction is the first experimental
demonstration of this process in a lipid-amino acid-based system under wet-dry cycles. This
signifies the importance of ester-amide exchange in also facilitating the formation of
protoamphiphiles (NAA), in addition to that of protopeptides.

The discovery of NAAs in the amino acid-lipid mixture allowed us explore new research
directions in my PhD project. Although, being a very intriguing class of prebiotically-relevant
single-chain amphiphiles, NAAs have not been systematically studied as a model
protoamphiphile system. Therefore, we evaluated different aspects of NAAs as a model
protoamphiphile candidate, and its potential role towards generating robust, functionally active

protocell membranes, which will be discussed in detail in the next chapter of this thesis.
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Chapter 3

EXPLORATION OF N-ACYL AMINO ACIDS AS A NEW
MODEL PROTOAMPHIPHILE SYSTEM

Adapted from: ChemRxiv (2022) and Life (2021) 11, 1413
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3.1 Introduction:

Compartmentalization is one of the key features of cellular life and would have also been
a crucial step during life’s emergence on early Earth [1,2]. Before the advent of sophisticated
enzymatic machinery to produce specialized lipids as per the cell’s requirement, early protocell
membranes would have been generated from amphiphiles in the surrounding environment. Such
prebiotic amphiphiles, which might have served as membrane components of early protocells,
are called protoamphiphiles [3]. In this context, single-chain amphiphiles (SCAs) serve as
promising protoamphiphile candidates, given their ability to self-assemble into membranes [4]
and their potential availability on early Earth [5,6]. Interestingly, some of these SCAs might have
also reacted with other co-solutes present in a prebiotic soup to generate new amphiphiles,
thereby further expanding the protoamphiphile inventory [3,7-9]. Early protocells would have
explored a large array of such amphiphiles to generate their membrane compartments, and
utilized different physicochemical properties of those amphiphiles to adapt to fluctuating

environmental conditions on early Earth.

Although many SCAs can in principle be envisioned as protoamphiphiles, the focus has
mainly remained on exploring fatty acids as a model protoamphiphile system [10-15]. This
excess dependence on fatty acids essentially limits the environmental conditions under which
protocell membranes could have formed. Importantly, it also overlooks other interesting features
that different protoamphiphiles would have endowed to protocell membranes that might hold
implications for their sustenance and function. Therefore, a systematic and unbiased approach
would allow a better understanding of the origin and evolution of protocell membranes on early
Earth. This involves identifying and characterizing new amphiphiles that are deemed fit to be

protoamphiphiles.

N-acyl amino acids (NAAs) constitute one such intriguing class of SCAs, which are a
hybrid molecule of a fatty acid and an amino acid linked via an amide bond. This amalgamation
of two prebiotically important molecules within a single chemical species might have enabled
NAAs to exploit the properties of both these molecules and acquire new emergent properties. In
extant biology, NAAs are involved in several biological processes [16] and also have widespread
commercial applications as antimicrobial agents [17] and as a drug delivery system [18]. In a

prebiotic context, NAAs have been investigated for their ability to assist fatty acid-based
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membranes towards vesicle growth and the localization of RNA on membrane surfaces [19,20].
However, to the best of our knowledge, NAAs themselves have not been systematically explored
as a model protoamphiphile system. As discussed in chapter 2, we demonstrated the formation of
NAAs in a phospholipid-amino acid system under prebiotically-pertinent wet-dry cycling
conditions. This chapter will discuss our systematic assessment of NAAs as a model
protoamphiphile system. Firstly, we showed a novel, prebiotically-plausible route for NAA
synthesis from amino acids and ester linkage-containing single-chain amphiphile like glycerol 1-
monooleate (GMO) under wet-dry cycling conditions, which supports their prebiotic availability.
Then we showed that NAAs could assemble into vesicles on their own, which is one of the
crucial parameters for ascertaining their ability to serve as model protocell membranes. They do
so at an acidic pH range. Subsequently, we also demonstrated the robustness of NAA-based
amphiphile systems in terms of their ability to form vesicles over a broad pH range, which can
also tolerate high metal ion concentrations. Finally, we showed that NAAs could act as a
substrate for peptide chain growth under wet-dry cycles, generating N-acylated peptide
amphiphiles that could aid in the functionality of protocell membranes. We mainly used N-oleoyl
glycine (NOG) as a representative NAA amphiphile for all these studies.

3.2. Materials and Methods

3.2.1 Materials

Glycerol-1-monooleate (GMO) and oleic acid (OA) were purchased from Nu-Chek-Prep
(USA), whereas N-oleoyl glycine (NOG) and N-oleoyl serine (NOS) were purchased from
Avanti polar lipids (USA). EDTA disodium salt dihydrate and trisodium citrate (Qualigens) were
procured from HiMedia (Mumbai, India) and Thermo Fisher Scientific (Mumbai, India),
respectively. The rest of the chemicals and reagents, including amino acids and different buffers,
were bought from Sigma-Aldrich (India). These reagents and chemicals were bought in their

most pure available form and used without further purification.

3.2.2 Synthesis of N-acyl amino acid from GMO and an amino acid under wet-dry cycling
conditions
3.2.2.1 Setting up the reaction

Most of the protocol used in this study for NAA synthesis and analysis was adapted from

our previously standardized protocol for NAA synthesis from phospholipids and amino acids, as
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described in the previous chapter. In a typical reaction, adequate volumes of 10 mg/ml methanol
stocks of GMO and OA were taken in a glass vial, and methanol was evaporated under a vacuum
to form a dry lipid film. This film was then hydrated with 200 mM glycine (Gly) solution pH 9.8
to get a final 200 pl reaction mixture containing 3 mM each of GMO and OA, and a 200 mM
Gly. OA was used in the reaction mixture to increase the overall solubility of GMO, which is
otherwise poorly soluble in water. Given the buffering capacity of Gly between pH 8.6 to 10.6
(pKa of the a-amino group of Gly is 9.6), a slightly higher concentration of Gly (200 mM) was
used so that Gly can also maintain the reaction pH in addition to acting as one of the reactants.
The reaction mixture was then subjected to three wet-dry cycles at 90 °C on a heating block
(RCT basic, IKA). The duration of each wet-dry cycle was 24 hours, where water was allowed to
evaporate to dryness at 90 °C. This dried mixture was rehydrated after 24 hours with 200 ul of
ultrapure water (18.2 MQ-cm) to complete one wet-dry cycle. After rehydration, the solution
was briefly vortexed to remix the reaction components. The same procedure was followed for
subsequent wet-dry cycles. The final rehydration was done with 200 pl of ultrapure water twice
with vortexing to recover the entire reaction content. This reaction solution was then stored at 4
°C until further analysis. Similar reaction conditions and the experimental procedure were
followed for NAA synthesis from GMO and other amino acids (alanine, valine, lysine, and
serine), and also for the other control reactions, except for a few variations as mentioned below.
For the GMO + Lys reaction, pH was set to 9.1 to account for the lower pKa of the a-amino
group of Lys (8.9). For the control reaction that did not contain Gly, a solution of GMO + OA (3
mM each) was prepared in 200 mM CHES buffer pH 9.8, and subjected to three wet-dry cycles
at 90 °C. For the OA + Gly control reaction, 3 mM OA solution was prepared in 200 mM Gly
pH 9.8 and subjected to three wet-dry cycles at 90 °C.

3.2.2.2 Monitoring the conversion of GMO to NOG using thin-layer chromatography
(TLC)

The conversion of GMO to NOG in the GMO + OA + Gly wet-dry cycling reaction was
initially detected by TLC analysis on a normal phase silica plate (Merck) using a solvent system
of toluene, chloroform, methanol (4:4:2) + 0.1 % glacial acetic acid. The reaction samples were
loaded alongside commercially purchased OA, GMO, and NOG standards for comparing the

TLC spots. The solvent front was 6 cm. Also, the solvent system was run twice with intermediate
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drying for better resolution of TLC spots. Lipid species were visualized by staining with iodine.
TLC analysis of other control reactions was also performed similarly.
3.2.2.3 Confirmation of NOG formation by HRMS and 'H NMR analysis

Firstly, the lipid content of the reaction mixture was separated from other aqueous
content (unreacted Gly and any Gly oligomers generated during wet-dry cycling alongside NOG)
by butanol extraction. This lipid content was analysed using HRMS by direct infusion method, as
described in chapter 2. *H NMR analysis protocol was also similar to that mentioned in chapter
2, except for the NMR solvent, which was Methanol-ds instead of DMSO-De.

3.2.3. Studying the vesicle formation behavior of N-acyl amino acids (NOG and NOS)

The vesicle formation by NAAs was checked over a diverse pH range to find the
optimum pH range for their vesicle self-assembly. In a typical reaction, an appropriate volume of
NOG methanol stock (10 mg/ml) was taken in a microfuge tube. The methanol was evaporated
under vacuum to form a dry lipid film, which was hydrated with 100 pl of 200 mM buffer of
appropriate pH to get a 6 mM final concentration of NOG. A similar procedure was followed for
NOS, except that the stock solution (1 mg/ml) was prepared by dissolving a dry powder of NOS
in chloroform, methanol (8:2; v/v) solution followed by gentle heating and sonication. For
different pH values, the following buffers were used: sodium phosphate for pH 3, acetate for pH
4 and 5, MES for pH 6, HEPES for pH 7, bicine for pH 8 and 9, and CHES for pH 10. After
hydration of the lipid film with a buffer, the resultant solution was incubated at 60 °C on
ThermoMixer C (Eppendorf) for one hour with constant shaking at 500 rpm, along with frequent
mixing by vortexing and pipetting. This heating step is essential for generating vesicles by both
NOG and NOS-based amphiphile systems because we observed that the chain-melting transition
temperature of these NAAs is higher than room temperature. Also, this high temperature would
be required to maintain NOG in a vesicle form. This was achieved by incubating vesicle
solutions in ThermoMixer C with a temperature-controlling lid (ThermoTop; Eppendorf) that
allows maintaining a constant temperature, both inside and outside of the microfuge tube,
thereby avoiding volume changes due to evaporation and condensation. These heated
amphiphile-containing solutions were immediately subjected to microscopy to check for vesicle
formation (Axio Imager Z1, Carl Zeiss). Different higher-order structures, including vesicles,
were visualized under 40X objective (NA = 0.75) using differential interference contrast (DIC)
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and fluorescence microscopy. For fluorescence imaging, vesicles were stained with 10 uM of
amphiphilic dye called Octadecyl Rhodamine B Chloride (R18) (Invitrogen), which was
generously donated by Pucadyil lab at IISER Pune. Vesicle staining was performed by adding an
appropriate volume of R18 dye methanol stock while making the dry lipid film of NAAs.
Fluorescent vesicles were visualized using a filter set 43 HE (Ex: 550/25 nm, Em: 605/70 nm,
Beamsplitter: FT 570). Image acquisition and processing were performed using AxioVision and

ImageJ software, respectively.
3.2.4 Vesicle formation by NOG-based amphiphile systems over a broad pH range

For NOG + GMO mixed system, appropriate volumes of NOG and GMO methanol
stocks (10 mg/ml each) were taken together in a microfuge tube and mixed with 10 ul of 50 uM
R18 dye (for fluorescence imaging). The methanol was evaporated under vacuum at 35 °C to
form a dry lipid film, which was hydrated with 50 ul of 200 mM buffer of a particular pH to get
a 6 mM total amphiphile concentration, with NOG and GMO in a 2:1 ratio. Solutions of different
pH values were prepared in ultrapure water (18.2 MQ-cm) using the following buffers: acetate
for pH 4 and 5, MES for pH 6, HEPES for pH 7, bicine for pH 8 and 9, CHES for pH 10, and
CAPS for pH 11. A similar procedure was followed for generating vesicles from NOG, OA, and
NOG + OA mixed systems. The total amphiphile concentration was 6 mM for all these systems,
with NOG and OA being in a 1:1 ratio (3 mM each) in the mixed system. Vesicles generated by
NOG-based amphiphile systems were visualized under DIC and fluorescence microscopy as

detailed in section 3.2.3.
3.2.5 Evaluating the metal ion stability of NOG-based vesicles

3.2.5.1 Vesicle Preparation

NOG-based vesicles were prepared similarly to that described in earlier sections.
Typically, two types of vesicle systems were prepared in metal ion stability reactions. The pure
NOG system contained vesicles made of only NOG, whereas the NOG + GMO mixed system
contained NOG and GMO amphiphiles in a 2:1 ratio. A master mix solution was prepared for
pure NOG and NOG + GMO mixed systems in 200 mM acetate buffer pH 5 (prepared in

ultrapure water (18.2 MQ-cm)) to get a final total amphiphile concentration of 7.5 mM.
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3.2.5.2 Setting up the metal ion stability experiments

Briefly, 40 uL aliquots of the NOG master mix vesicular solution were taken into
separate microcentrifuge tubes. To these individual tubes, appropriate volumes of metal ion stock
solution were externally added to get increasing concentrations of metal ion (usually in the range
of 0 to 11 mM for Mg?* and 0 to 600 mM for Na*) while keeping the NOG concentration
constant. After adding the metal ion stock solution into individual reaction vials, the final volume
was adjusted to 50 pL using 200 mM acetate buffer pH 5 to get a 6 mM working concentration
of NOG. The Control reaction contained only 6 mM NOG with no externally added metal ions.
A similar procedure was followed for the NOG + GMO mixed system experiments. For the Mg?*
stability experiments, 100 mM MgCl, stock solution was used, while for the Na* stability
experiments, 4 M NaCl stock solution was used. Both these stock solutions were prepared in 200
mM acetate buffer pH 5. After adding metal ions to vesicular solutions, the reactions were
incubated for 30 min at 60 °C to allow the metal ion to interact with vesicles. As detailed above,
all the amphiphile-based higher order structures like vesicles, droplets, and metal ion-induced
aggregates were visualized under DIC microscopy.
3.2.5.3 Vesicle re-formation by the addition of magnesium chelators

Briefly, 6 mM pure NOG and NOG + GMO (2:1 ratio) vesicular solutions containing
externally added 12 mM Mg?* ions were prepared as mentioned above. This Mg?* concentration
was selected to ensure magnesium-induced aggregates formation in the pure NOG and the NOG
+ GMO mixed systems. Firstly, the presence of aggregates was confirmed by DIC microscopy.
Then, a chelator (EDTA or citrate) was added in 1:1 mole equivalents to that of Mg?* to the same
aggregate-containing solution, followed by the incubation at 60 °C for 30 min. The dissociation

of aggregates and the reappearance of vesicles was monitored using DIC microscopy.
3.2.6 NOG acting as a substrate for peptide chain growth under wet-dry cycles

In a typical reaction, the appropriate volume of 10 mg/ml methanol stock of NOG was
taken in a glass vial, and methanol was evaporated under a vacuum to prepare a dry lipid film of
NOG. This film was then hydrated with 200 ul of 200 mM of an amino acid solution of pH 9.8
(except for lysine, where the pH was 9.1) to get a 3 mM NOG solution, which was then
subjected to a single wet-dry cycle of 24 hours duration at 130 °C. These conditions were
adapted from previously standardized conditions for peptide synthesis from non-activated amino
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acids [3,21], as adding amino acids to the NOG terminus involves the formation of a peptide
bond. In temperature variation experiments for NOG and Gly, the wet-dry cycling temperature
was varied from 90 °C to 140 °C. The rehydration was done twice with 200 pl ultrapure water to
recover the entire reaction content, which was then subjected to butanol extraction to extract the
total lipid content of the reaction (unreacted NOG and N-oleoyl peptide products). This lipid
content was analysed using HRMS via direct infusion of the sample as detailed in chapter 2, but
in a positive mode, which was found to be more suitable for detecting N-oleoyl peptide products
as compared to the negative mode. Both NOG and its extension products were mainly detected

as sodium adducts.

All the experiments in this study were performed in at least two independent replicates.

3.3 Results

3.3.1 Synthesis of NAA from GMO and an amino acid under wet-dry cycling conditions

The NAA synthesis reported in our earlier study occurs via an ester-amide exchange
reaction between phospholipids and amino acids [3]. However, phospholipids themselves are
structurally complex lipids, which depend on SCA precursors for their synthesis both in
biosynthetic [22] as well as potentially prebiotic enzyme-free reactions [23-26]. Therefore, we
tested whether chemically simpler ester linkage-containing SCAs like monoglycerides can act as
a lipid precursor for the synthesis of NAAs under prebiotically-relevant conditions using glycerol
1-monooleate (GMO) as a representative amphiphile. Towards this, a mixture of GMO and oleic
acid (OA) (3 mM each) was subjected to three wet-dry cycles at 90°C in the presence of 200 mM
glycine (Gly) at pH 9.8 (Figure 3.1a). A mixture of OA and GMO was used to increase the
overall solubility of GMO in water. The formation of N-oleoyl glycine (NOG; a Gly containing
NAA) was first evaluated by thin-layer chromatography (TLC), where we observed the complete
disappearance of GMO spot with a concurrent appearance of a new spot comparable to that of
the NOG standard, indicating the conversion of GMO to NOG (Figure 3.1b). Notably, this NOG
spot did not appear in other control reactions (Figure 3.2). The NOG formation was also
confirmed by analyzing the final lipid content of the reaction mixture using high-resolution mass
spectrometry (HRMS), which showed a prominent peak corresponding to NOG with high
accuracy (Figure 3.1c). The *H-NMR analysis of the final lipid mixture further corroborated

these results, where we observed a signature peak for the amide hydrogen at 8.09 ppm, which
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was in good agreement with the one observed for the NOG standard at 8.05 ppm (Figure 3.3).

We also observed the formation of NAAs with different amino acid head groups when Gly was

replaced with alanine, lysine, serine, and valine. The conversion of GMO to NAA in the

presence of an amino acid likely follows an ester-amide exchange mechanism (Scheme 3.1),

similar to that described for the phospholipid-amino acid reaction in the previous chapter. At an

alkaline pH, the nucleophilic amino group of an amino acid attacks the carbonyl carbon of the

ester linkage in GMO, thereby generating a corresponding NAA via amide bond formation. To

our knowledge, this is a new, prebiotically-pertinent route for the formation of NAA, which

supports their potential availability on early Earth.
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Figure 3.1 Conversion of GMO to NOG in the presence of Gly under wet-dry cycles. (a) A schematic

overview of the reaction, where a mixture of GMO and OA (3 mM each) was subjected to three wet-dry
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cycles at 90 °C in the presence of 200 mM Gly at pH 9.8, resulted in the formation of NOG by the
reaction of GMO and Gly. (b) TLC analysis of the same reaction shows the complete disappearance of
the GMO spot with a concurrent appearance of the NOG spot after wet-dry cycling (lane 5). (c) HRMS
analysis (negative mode) of the final lipid content shows a prominent peak corresponding to NOG
(calculated: 338.2701; observed: 338.2702; mass error = 0.3 ppm).
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Figure 3.2 Control reactions for the NOG synthesis experiment. (a) GMO + OA mixture in the
absence of Gly does not form NOG. The reaction was set up in 200 mM CHES buffer pH 9.8 and
subjected to three wet-dry cycles at 90 °C. A spot corresponding to NOG did not appear after wet-dry
cycling (compare lanes 3 and 5). The intensity of the GMO spot also decreased after wet-dry cycling,
potentially indicating the degradation of GMO due to alkaline hydrolysis. A large spot in both lanes 4 and
5 towards the bottom side of the TLC is likely coming from the CHES buffer. (b) Only OA in the
presence of Gly does not form NOG. A TLC analysis of the reaction containing 3 mM OA in 200 mM
Gly pH 9.8, which was subjected to three wet-dry cycles at 90 °C, did not show the NOG spot after wet-
dry cycling (compare lanes 2 and 4), indicating that OA itself does not react with Gly to form NOG under
these reaction conditions.

68



—8.09

Reaction
\
|

Mwmm.ﬂwwwmwmm ‘

.83 82 81 80 79 78 7.7,"
. .

T T

0 15 10 05

— T T T T T
. ! .0 55 50 45 40 35 3,
...... Chemical Shift (in ppm)

NOG standard

0 25 2

-8.05

A e

T r . : . : : r r r r . \ . T r T : ,
95 90 85180175 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.
- Chemical Shift (in ppm)

Figure 3.3 The 'H NMR analysis of GMO + OA + Gly wet-dry cycling reaction. The ‘*H NMR
analysis of the final lipid content of the reaction (top panel) shows a signature peak for the amide
hydrogen of NOG at 8.09 ppm (see inset), which is comparable to the one observed for the NOG standard
(bottom panel) at 8.05 (see inset). The solvent used was methanol-d..
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Scheme 3.1 A plausible mechanism for NAA synthesis from GMO and amino acid through an ester-

amide exchange reaction.
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3.3.2 NAAs can self-assemble into vesicles under acidic pH conditions

After showing NAA synthesis from amino acids and ester linkage-containing lipids under
wet-dry cycles, we set out to understand whether these amphiphiles can assemble into vesicles
on their own. This is one of the essential criteria that should be met before considering NAAs as
model protocell membranes. Single-chain amphiphiles like fatty acids, which are also widely
considered as protoamphiphile candidates, are known to form vesicles when the pH of the
solution is around the apparent pKa (7-9) of their head group (-COOH) [27]. At this pH, both
protonated and deprotonated species are present in relatively equal proportions, which come
together to form a pseudo diacyl structure stabilized by hydrogen bonding, which overall has a
cylindrical shape similar to phospholipids. This pseudo diacyl structure along with hydrophobic
interactions, allows fatty acids to form vesicles. At pH values above and below their apparent
pKa, fatty acids predominantly form micelles and oil droplets, respectively. NAAs, which are
structurally similar to fatty acids, have been shown to get incorporated into preformed fatty acid
and phospholipid vesicles, thereby enabling membrane growth [19,20]. However, whether NAAs
could form vesicles on their own has not yet been explored systematically. Towards this, we
checked the vesicle formation behavior of two commercially purchased NAAs, NOG and N-
oleoyl serine (NOS). This was done by rehydrating a dry lipid film of these NAAs using an

appropriate pH buffer, ranging from 4 to 10, to make a 6 mM NAA solution. Upon microscopic
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analysis, we found that NOG readily assembled into vesicles at a slightly acidic pH range of 5 to
6, whereas NOS predominantly formed vesicles at pH 4 and 5 (Figure 3.4), with few vesicles
observed even at pH 3. The lipid film rehydration method is known to generate different kinds of
higher-order structures like micelles, droplets, and vesicles of varying size, shape, and
lamellarity, which is also influenced by the pH of the medium. Therefore, we further confirmed
the vesicular nature of these NAA aggregates by performing a calcein encapsulation experiment.
Calcein, being a polar molecule, gets encapsulated within the aqueous lumen of the vesicles.
Microscopic analysis showed that both NOG and NOS vesicles could readily encapsulate calcein
within them (Figure 3.5).
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Figure 3.4 NAAs self-assemble into vesicles on their own under acidic conditions. (a) 6 mM of NOG
forms vesicles in 200 mM acetate buffer at pH 5 (left panel) and in 200 mM MES buffer at pH 6 (right
panel). (b) 6 mM NOS forms vesicles in 200 mM acetate buffer at pH 4 (left panel) and 5 (right panel).
The observed vesicles (indicated by white arrows) typically vary in size, shape and lamellarity, some
being unilamellar, multilamellar, and some even multivesicular in nature. Vesicle solutions were
incubated at 60°C for 1 hour and immediately subjected to microscopy. For better visualization, vesicles
were stained with 10 pM of Octadecyl Rhodamine B Chloride (R18) dye and observed using differential

interference contrast (DIC) and fluorescence microscopy. The scale bar is 10 pm.
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Figure 3.5 Encapsulation of calcein in NAA vesicles. Both NOG (left panel) and NOS (right panel)
vesicles are able to encapsulate a fluorescent polar calcein molecule within them (indicated by white
arrows), which confirms their vesicular nature. Vesicles were observed under both DIC and fluorescence
microscopy. The calcein concentration used was 0.1 mM, which is below its self-quenching

concentration. The scale bar is 10 um.

In addition to pH, another important factor that influences fatty acid vesicle formation is
the temperature of the system. Fatty acids show a thermo-responsive phase behavior, where they
assemble into vesicles in aqueous solutions only above their chain-melting or transition
temperature (Tm) and form crystals below this temperature [28,29]. We noticed a similar
temperature-dependent phase behavior with NAAs too. During vesicle preparation, the NOG
solution was incubated at 60 °C and immediately subjected to microscopy to image the resultant
vesicles (see methods). However, as the solution remained at 18 °C over the course of
microscopic analysis, this temperature variation induced the conversion of vesicles into fiber-like

structures within a few minutes (Figure 3.6). A similar phenomenon was also observed with
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NOS (Figure 3.6), although the nature of aggregates was different than the ones that were found
in the case of NOG. Nevertheless, from a prebiotic point of view, this intriguing phenomenon is
unlikely to come in the way of NAAs being able to serve as plausible protocell membranes
because the early Earth temperature is thought to have been much higher than that of the
contemporary Earth [30]. Also, high-temperature geochemical settings, like terrestrial hot
springs and submarine hydrothermal vents, would have readily allowed NAAs to sustain

themselves in vesicle form.

0 min 5 min

NOG system

NOS system

Figure 3.6 Temperature-dependent phase behavior of NOG and NOS. Both NOG and NOS solutions
were incubated at 60°C for 1 hour to facilitate vesicle formation and immediately subjected to
microscopy. A large number of vesicles (indicated by white arrows) were observed initially (0 min; left
panels). However, as the microscopy was performed at room temperature, this decrease in the solution
temperature over the course of microscopy induced the conversion of the vesicles into crystalline/fiber-
like structures (indicated by black arrows) within a few minutes (right panels). Note the difference in the
morphology of structures formed by NOG and NOS. Scale bar lengths are 10 pum and 20 pm for NOG and

NOS images, respectively.
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3.3.3 Vesicle formation by NOG-based amphiphile systems over a broad pH range

Most single-chain amphiphiles form vesicles only at a narrow pH range around the
apparent pKa of their head group, limiting their ability to form protocell membranes over a
diverse pH range. Therefore, systematic efforts have been made to look for amphiphile systems
that can generate vesicles over a broad pH range. Notably, the addition of surfactants like
monoglycerides and fatty alcohols, which contain less readily dissociable polar hydroxyl
group(s) in their head group region, have been shown to stabilize fatty acid vesicles by hydrogen
bonding with their carboxyl head group [31,32]. This stabilizing effect is more prominent
towards the alkaline pH range from the apparent pKa of their head group that lies between pH 7
to 9 for most of the fatty acids. Consequently, these mixed fatty acid amphiphile systems form
vesicles broadly in the neutral to alkaline pH range, but not at acidic pH, which constrains their
ability to generate protocell compartments under a diverse pH regime. As shown in the previous
section, NAAs like NOG can form vesicles on their own at an acidic range from pH 5 to 6,
indicating that its apparent pKa lies in this range. Since monoglycerides facilitate SCA vesicle
formation towards the alkaline pH range from the apparent pKa of these amphiphiles, we asked
whether a mixture of NOG and GMO could form vesicles over a broad pH range spanning from
acidic to neutral to alkaline pH. Indeed, the NOG + GMO mixed system (6 mM; 2:1 ratio) could
generate vesicles from pH 4 to 11 (Figure 3.7).

pH 4 pH5 pH 6 pH7 pH 8 pH9 pH 10 pH 11

DIC

Fluorescence

Figure 3.7 Vesicle formation by NOG + GMO mixed system. A mixture of NOG and GMO (6 mM;
2:1 ratio) from pH 4 to 11, as observed under differential interference contrast (DIC) and fluorescence

microscopy. White arrows indicate vesicles. The scale bar is 10 um.

The hydroxyl groups in the glycerol moiety of GMO likely stabilize the deprotonated NOG
species via hydrogen bonding, thereby allowing them to form vesicles over such a broad pH

range. However, the overall vesicle formation propensity, as well as the size, shape and
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lamellarity of the resultant vesicles, seem to vary across different pH values. Nevertheless, this
result demonstrates the ability of monoglycerides to facilitate the membrane assembly of NAAs

over a diverse pH range in addition to acting as a precursor for their synthesis (Figure 3.1).

Interestingly, the conversion of GMO to NOG in our reaction also led to a new
heterogeneous amphiphile system at the end of the reaction, containing NOG and OA (Figure
3.1a). Exploring the vesicle formation behavior of this system constitutes an interesting study as
both its components have their own optimum pH range for vesicle formation (NOG: pH 5 to 6,
OA: pH 8 to 9). Moreover, from a prebiotic perspective, both NAAs and fatty acids would have
been simultaneously present in a prebiotic soup and would likely have affected each other’s self-
assembly behavior. Therefore, we evaluated the vesicle formation behavior of the NOG + OA
mixed system (6 mM; 1:1 ratio) at different pH values. Consistent with our earlier results and
previously reported studies [31], homogenous NOG system (6 mM) formed vesicles at pH 5 and
6, whereas OA (6 mM) did so at pH 8 and 9. However, a mixed system of NOG and OA
generated vesicles from pH 5 to 9 (Figure 3.8), notably even at the physiological pH range

around 7, where both of its components were unable to self-assemble into vesicles on their own.

pH7 pH 8

Figure 3.8 Vesicle formation behavior of the NOG + OA mixed system. (a) Fluorescence microscopy

pHS5 pH 6

pH 9

NOG

A: NOG (6 mM)
B: OA (6 mM)
C: NOG + OA (6 mM; 1:1 ratio)

OA

. : Presence of vesicles

O : Absence of vesicles

NOG + OA

shows that NOG and OA by themselves generate vesicles at pH 5, 6, and pH 8, 9, respectively. However,
the NOG + OA mixed system forms vesicles across pH 5 to 9. White arrows indicate vesicles. The scale

bar is 10 um. (b) Schematic representation of the microscopy results that were shown in (a).
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At this pH, the efficient hydrogen bonding between predominantly present deprotonated NOG
and protonated OA species can generate pseudodiacyl structures that tend to favor bilayer
formation. It nicely demonstrates how amphiphiles affect each other’s physicochemical
properties in a mixture that might also produce new emergent properties like vesicle formation at
pH 7 in this particular case. Together, these results highlight the ability of NOG to generate

robust membranes over a diverse pH range when mixed with amphiphiles like GMO and OA.
3.3.4 Metal ion stability of NOG-based vesicles

Along with temperature and pH, the ionic strength of the medium also significantly
affects the formation and stability of SCA vesicles [10,13,33,34]. Particularly, fatty acid vesicles
are extremely sensitive to metal ions (especially divalent ions like Mg?*), which interact with
their negatively charged carboxylate head groups and induce vesicle aggregation up to a certain
concentration. Further, metal ions are required at a relatively high concentration for other
prebiotically pertinent processes such as protometabolic reactions [35,36], ribozyme activity
[37-40], and nonenzymatic template-directed replication of RNA [41,42]. Therefore, it is
necessary to systematically evaluate the metal ion stability of vesicles generated by model
protoamphiphile systems to characterize their compatibility with the functioning of other
prebiotic processes. Towards this, we systematically evaluated the effect of divalent and
monovalent metal ions on the stability of NAA-based vesicular systems using NOG-based model
vesicles, and Mg?* and Na' as the representative divalent and monovalent metal ions,

respectively.

As 6 mM NOG in 200 mM acetate buffer pH 5 generates a large number of vesicles, we
used these conditions to evaluate the effect of different metal ions on the stability of NOG
vesicles. For a divalent cation like Mg?*, it was observed that pure NOG vesicles could tolerate
Mg?* concentrations up to 1:1 molar ratio, beyond which magnesium ions induced a clumping of
vesicles resulting in the formation of large-sized aggregates (Figures 3.9a). Overall, the behavior
of the pure NOG system in the presence of increasing concentrations of Mg?* followed three
distinct phases (Figure 3.9c). A vesicular phase (up to 5 mM Mg?*) contained only vesicles with
no visible aggregates. It was followed by a transition phase (at 6 mM Mg?*), where small
aggregates started forming in the solution. Finally, an aggregate phase occurred (7 mM Mg?*

onwards), where the solution contained only large-sized magnesium-induced aggregates.
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Figure 3.9 Effect of Mg?* on pure NOG and NOG + GMO mixed vesicles. (a) Vesicles prepared from
6 mM NOG are stable in the control reaction (without Mg?*) and in the presence of 5 mM Mg?*. The
metal ion-induced aggregates start forming at 6 mM Mg?*. At 7 mM Mg?", vesicles completely collapse
into large aggregates (b) Addition of GMO to the NOG system increases the stability of vesicles towards
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Mg?* ion. The NOG + GMO (6 mM; 2:1 ratio) mixed vesicles result in large magnesium-induced
aggregates only at and above 11 mM Mg?*. The NOG + GMO mixture also generates a heterogeneous
population of vesicles and droplets. Vesicles, droplets, and aggregates are indicated by white, black, and
red arrows, respectively. Imaging was done using DIC microscopy. The scale bar is 10 um for all images.
(c) A distinct three-phase behavior of NOG-based vesicles is depicted with increasing concentrations of
Mg?*. The vesicular phase (purple) contains only vesicles. It is followed by a transition phase (grey)
where both free vesicles and small metal ion-induced aggregates are simultaneously present. Finally, the

aggregate phase (orange) contains only large-sized aggregates.

Surfactants like monoglycerides are known to increase the stability of fatty acid vesicles
towards metal ions [31,43]. Therefore, we sought to explore whether a similar effect is observed
for a mixed amphiphile system containing NOG and a monoglyceride like GMO. Indeed the
NOG + GMO (6 mM; 2:1 ratio) mixed vesicles were more stable in the presence of Mg?*, which
could tolerate Mg?* concentrations till 11 mM (Figure 3.9b). Notably, the addition of GMO also
resulted in droplet formation along with vesicles. Hence, the resultant solution was a
heterogeneous mixture of vesicles and droplets. Similar to the pure NOG system, this mixed
system also showed a three-phase behavior in the presence of increasing Mg?* concentrations
(Figure 3.9c). However, the span of both the vesicular and transition phases of the NOG system
increased after the addition of GMO to the system, which clearly indicated a stabilizing effect
that was being conferred by the surfactant towards the metal ions. We also checked whether this
aggregation phenomenon is reversible by adding magnesium chelating agents like EDTA to the
solution containing magnesium-induced vesicle aggregates. It resulted in the disruption of
aggregates and reappearance of vesicles in both the pure NOG and NOG + GMO mixed systems
(Figure 3.10a). A similar effect was observed after the addition of a prebiotically-relevant

chelating agent like citrate, where vesicles emerged from large aggregates (Figure 3.10b).

Next, we characterized the behavior of NOG-based vesicles in the presence of a
monovalent cation like sodium (Na*). Previous studies have shown that fatty acid-based systems
are more stable in the presence of monovalent cations than divalent ones [43]. We also observed
similar behavior for NOG-based systems, where pure NOG vesicles formed aggregates only at
and above 400 mM Na* (Figure 3.11), which is about two orders of magnitude higher than that
for Mg?* (7 mM). The NOG + GMO mixed system was even more stable, resulting in aggregate
formation only at 500 mM Na* (Figure 3.11).
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Figure 3.10 Re-formation of vesicles from magnesium-induced aggregates after the addition of a
chelator. (a) Vesicles generated by both pure NOG (6 mM) and NOG + GMO (6 mM; 2:1 ratio) mixed
systems (top and bottom panels, respectively) completely collapse into large aggregates in the presence of
12 mM Mg?". However, the addition of EDTA in 1:1 mole equivalents to that of Mg?* results in the
disassembly of aggregates with a concurrent reappearance of free vesicles (indicated by white arrows).
(b) A similar effect is observed in the presence of citrate as a chelator, which was also added in 1:1 mole

equivalents to that of Mg?*. Imaging was done using DIC microscopy. The scale bar is 10 pm.
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Figure 3.11 Effect of Na* on the stability of NOG-based vesicles. 6 mM pure NOG vesicles (top panel)
tolerate Na* concentrations up to 300 mM, beyond which large metal ion-induced aggregates are formed.
Also, the external addition of Na* to the pure NOG vesicular system results in vesicle shrinkage and the
formation of small droplets, as observed in the 200 mM and 300 mM Na* reactions. The NOG + GMO (6
mM; 2:1 ratio) mixed system (bottom panel) forms a heterogeneous population of vesicles and droplets,
which survives Na* concentrations up to 400 mM, beyond which metal ion-induced aggregates are
formed. White, black, and red arrows indicate vesicles, droplets, and aggregates, respectively. Imaging

was done using DIC microscopy. The scale bar is 10 pum.
3.3.5 NOG acting as a substrate for peptide chain growth under wet-dry cycles

Another potential application of NAAs is their ability to act as a substrate for peptide
synthesis under prebiotically-pertinent wet-dry cycling conditions, thereby generating N-acylated
peptide amphiphiles (lipopeptides). Specifically, the addition of subsequent Gly or other amino
acids on the carboxyl terminus of NOG, can produce N-acylated homo or heteropeptides,

respectively (Figure 3.12, Scheme 3.2).
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Figure 3.12 Schematic representation of the reaction of NOG with amino acids to form N-acylated
peptide amphiphiles. The addition of Gly on the NOG terminus results in the formation homopeptides,

whereas the addition of other amino acids on the Gly head group generated heteropeptides.
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Scheme 3.2 Acid-amine coupling between NOG and amino acid, generating N-acylated peptides.
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To test this, a mixture of 3 mM NOG and 200 mM Gly was subjected to a single wet-dry cycle at
pH 9.8 and 130°C. This temperature, pH, and wet-dry cycling conditions are known to be
suitable for peptide synthesis from non-activated Gly [3,21]. HRMS analysis showed the
formation of lipopeptides with up to three Gly molecules added onto NOG (Figure 3.13).
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Figure 3.13 Formation of Gly-containing lipopeptides by the reaction between NOG and Gly. (a) A
zoomed version of the mass spectrum generated from the HRMS analysis (positive mode) of the final
lipid content of NOG + Gly wet-dry cycling reaction at 130 °C shows peaks for sodiated adducts of
peptide chain extension products. Up to three Gly additions were observed on the NOG surface, which is
indicated by NOG-G for a single addition (cal: 419.288; obs: 419.2885; mass error = 1.2 ppm), NOG-G-

81



G for two additions (cal: 476.3095; obs: 476.3089; mass error = — 1.3 ppm), and NOG-G-G-G-G for three
additions (cal: 533.331; obs: 533.3329; mass error = 3.6 ppm). (b) Original HRMS spectrum of the same
reaction, which also shows a peak for the unreacted NOG. Peptide chain extension products are shown in

the inset.

Next, we evaluated if the maximum length of the peptide chain generated on the NOG head
group is influenced by temperature. It was observed that the maximum number of Gly additions
to the NOG increased with increasing temperature (Figure 3.14), with up to three additions
observed at 130°C. A higher temperature of 140°C did not facilitate further peptide extension
(Figure 3.14f). Finally, we checked whether NOG could react with other amino acids like
alanine, serine, and lysine to generate N-acylated heteropeptides. We observed only a single
amino acid addition in these reactions on the NOG head group (Figure 3.15). Although, the
lipopeptide formation efficiency seemed to vary based on the amino acid type, the addition of
lysine to the NOG head group was likely the most efficient one. As observed in the HRMS
spectrum of NOG + Lys reaction (Figure 3.15d), NOG-Lys lipopeptide was the most abundant
mass species, and the precursor NOG peak was absent, indicating almost a complete conversion
of NOG to NOG-Lys lipopeptide. It possibly could be because of the favorable electrostatic
interactions between the positively charged lysine and the negatively charged NOG at pH 9.8,
allowing these two substrate molecules to come close to each other and react more efficiently.
Overall, these results demonstrate NOG’s ability to react with different amino acids under wet-

dry cycles to generate a diverse set of lipopeptides.
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Figure 3.14 Effect of temperature on the maximum length of the peptide chain generated on the
NOG head group. (a) A diagrammatic representation of the overall result shows that the maximum
number of Gly additions increases with increasing temperature. Subsequent panels show the original mass
spectrums obtained from the HRMS analysis (positive mode) of the final lipid content of the NOG + Gly
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reaction performed at (b) 90 °C, (c) 100 °C, (d) 110 °C, (e) 120 °C, and (f) 140 °C. Inset shows the
peptide chain extension product(s) in each of these spectrums. The data for the 130 °C reaction was used
from the one reported in Figure 3.13. In the HRMS spectrum of the 140 °C reaction, some predominant

stray peaks at 279.09 and 301.07 were detected, potentially indicating the breakdown of NOG at this

temperature.
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Figure 3.15 Reaction of NOG with an amino acid other than Gly results in the formation of N-
acylated heteropeptides. (a) A diagrammatic representation of the overall result shows that reactions of
NOG with alanine, serine, and lysine result in the generation of N-acylated heteropeptides containing
corresponding amino acids. Although, unlike Gly, the addition of only a single amino acid is observed in
these reactions. Subsequent panels show the original mass spectrums obtained from the HRMS analysis

(positive mode) of the final lipid content of the corresponding reactions. (b) A reaction of NOG with
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alanine generates NOG-Ala (cal: 433.3037; obs: 433.3040; mass error = 0.7 ppm). (c) A reaction of NOG
with serine generates NOG-Ser (cal: 449.2986; obs: 449.2988; mass error = 0.4 ppm). (d) A reaction of
NOG with lysine generates NOG-Lys. Unlike other amino acid extension products, for NOG-Lys, the
most abundant peak was the protonated species ([M+H]*; cal: 468.3796; obs: 468.3806; mass error = 2.1)
followed by a sodiated adduct ([M+Na]*; cal: 490.3615; obs: 490.3630; mass error = 3.1). Also, note that
the peak for precursor NOG was not detected, which likely indicates the complete conversion of NOG to
NOG-lys.

3.4 Discussion:

NAAs are naturally occurring lipids, which perform different functions in extant biology
[44], and also have widespread commercial applications as biosurfactants [45] and in drug
delivery [18]. However, their potential role in the origin of cellular life has been minimally
explored. As mentioned earlier, they are hybrid molecules containing amino acid and fatty acid
linked together via a stable amide linkage, thus having structural features of both lipids and
amino acids (and even peptides). This unique combination of two centrally important molecules
in a prebiotic context might have allowed NAAs to act as a connecting link between the lipid
world and the peptide world. Notably, given their amphiphilic nature, these SCAs might have
served as protoamphiphiles (prebiotically-plausible amphiphiles constituting early protocell
membranes). In this study, we systematically characterized NAAs as a model protoamphiphile

system.

The first and foremost thing while testing any amphiphile as a model protoamphiphile
would be to justify its prebiotic availability. One way to do so is to check whether it can form
under early Earth conditions from prebiotically-relevant molecules. We showed that NAAs could
be synthesized from phospholipids and amino acids under prebiotically-pertinent wet-dry cycling
conditions. However, phospholipids are structurally-complex diacyl lipids, which themselves
depend on SCAs for their synthesis, both in extant biology[22] and some potentially prebiotic
chemical reactions [23-26]. Moreover, phospholipids are mostly considered a product of
biological evolution from simple SCAs [46-48]. Therefore, requiring phospholipids as a
precursor for the synthesis of SCAs like NAAs might be perceived as going backward in the
evolutionary trajectory of prebiotic lipids to biological lipids. To address this conundrum, we
report a new prebiological route for synthesizing NAAs from an amino acid and a monoglyceride

(a prebiotically-relevant ester-linkage containing SCA) under wet-dry cycling conditions. It
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overcomes the dependence on structurally-complex diacyl lipids for the prebiotic synthesis of
NAAs while strengthening their potential availability on early Earth. It will be interesting to test
this reaction further using short-chain monoglycerides as a precursor, given the plausible
prebiotic abundance of short-chain amphiphiles [5,6]. We also hypothesize that the synthesis of
NAAs from monoglycerides and amino acids occurs via an ester-amide exchange reaction,
which highlights the significance of this reaction in the prebiotic synthesis of protoamphiphiles
(NAAS) in addition to that of protopeptides (depsipeptides) [49].

Another important feature that an amphiphile should possess to serve as a primary
constituent of protocell membranes would be its ability to generate vesicles on its own. We
showed that NAAs like NOG and NOS can readily self-assemble into vesicles under acidic pH
conditions, demonstrating that NAAs are themselves capable of generating protocell
compartments. Furthermore, our study also reveals several interesting features of the self-
assembly behavior of NAAs. Firstly, it indicates that the apparent pKa of the head group of NOG
and NOS would likely be in the acidic range, which is different from most fatty acids that have
their apparent pKa values in the neutral to alkaline range. Although both fatty acids and NAAS
have a carboxyl moiety at the terminal position of their head group, the presence of an amide
linkage in NAA might lower the apparent pKa of its head group. Moreover, the pKa of NAA is
also likely to get influenced by the nature of its amino acid component, as shown here with the
example of NOG and NOS. The presence of an electron-withdrawing hydroxyl group in the side
chain of the serine head group of NOS could make the terminal carboxyl group even more
acidic, thereby decreasing the pH optimum (pH 4 to 5) for its vesicle formation as compared to
that of NOG (pH 5 to 6). It will be interesting to check how the pH optimum of vesicle formation
by other NAAs change based on their amino acid head group. This result also indicates that
NAAs can be used as an amphiphilic system with a “tunable pH”. Furthermore, as most of the
conventional fatty acid-based systems form vesicles only in the neutral to alkaline pH range [27],
NAAs like NOG and NOS can provide an alternative protoamphiphile system with a vesicle
forming-capability at acidic pH. This system could have a selective advantage over fatty acid-
based systems in generating protocell membranes in acidic geothermal pool-like conditions. It
also widens the possible environmental regimes where protocellular membranes could have

formed on the early Earth.
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After demonstrating the ability of NAAs to self-assemble into vesicles, we also checked
whether increasing the heterogeneity of NAA-based amphiphile systems can allow them to form
robust membranes under fluctuating environmental conditions. Studying the properties of such
heterogeneous membranes also seems logical from a prebiotic perspective, given that the
prebiotic soup might have possessed a large array of protoamphiphiles. Therefore, the
protocellular membranes generated from these amphiphiles would likely be compositionally
heterogeneous. Notably, increasing the compositional heterogeneity of fatty acid-based systems
has been shown to be advantageous for generating stable vesicles under varied conditions of
temperature, pH, and ionic strength [13,31,50]. Our study shows that this principle is applicable
to NAA-based systems as well. When NOG is admixed with other amphiphiles like GMO or
OA, the resultant heterogeneous amphiphile system can generate vesicles over a broad pH range,
including acidic to highly alkaline pH regimes. We also showed that the addition of GMO
increases the stability of NOG vesicles in the presence of both divalent and monovalent cations
that play a crucial role in several prebiotic reactions [36-38,41]. Together, these results highlight
the potential of NAA-based heterogeneous systems in generating robust protocell compartments,
which could have supported a wide range of prebiotic reactions occurring at specific conditions

of pH and metal ion concentrations.

Finally, we showed that, in addition to generating robust vesicles, NOG could also react
with different amino acids under wet-dry cycling conditions to generate different N-acylated
peptide amphiphiles/lipopeptides. It demonstrates the significance of NAAs in synthesizing
newer peptide-based amphiphilic species with diverse head group types. Moreover, our study
provides experimental evidence for the potential prebiotic availability of lipopeptides by
demonstrating their synthesis under prebiotically-relevant conditions. Such membrane-anchored
lipopeptides might have endowed early protocell membranes with new functions like catalytic
activity [51]. Future research in this direction will contribute toward understanding how
lipopeptides might have modulated the physicochemical properties and functionality of protocell
membranes. Overall, our study establishes NAAs as a new promising model protoamphiphile
system and underscores their pivotal role in shaping the emergence and evolution of protocell

membranes on primitive Earth.
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Chapter 4

TESTING THE PREBIOTIC MEMBRANE ASSEMBLY
PROCESS IN NATURAL, EARLY EARTH ANALOGUE HOT
SPRING CONDITIONS

Adapted from: Life (2017) 7, 51 and Life (2021) 11, 1413
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4.1 Introduction:

In this chapter, 1 will discuss a new and slightly unorthodox approach that we have
adopted to better understand the origin of life conundrum. Several decades of research in the
origin of life field have significantly advanced our understanding of how this transition from
chemistry to biology might have occurred on early Earth. However, most results pertaining to
this research are an outcome of experiments performed in the laboratory using highly pure
reagents and solvents. Moreover, the reaction conditions are also stringently controlled to
facilitate the reaction of interest while avoiding other cross-reactions. These studies are based on
the implicit assumption that the reaction outcome will also be similar under natural conditions
where life would have originated, which are incredibly complex geologically and diverse in their
chemical composition. The question is, can this assumption be validated?

There are two possible ways to validate this assumption. One of them is to perform these
experiments directly in the field, which is a challenging task for several practical reasons. As
discussed by Prof. David Deamer in his insightful paper on testing ideas in prebiotic analogue
conditions, there are several challenges associated with performing experiments in actual hot
spring sites [1]. (i) Volume of the hot spring will play critical role while setting up the
experiment and there is a risk of reactants and products getting diluted in the pool. Especially,
larger hot springs will need hundreds of grams of starting reactants to perform these experiments
even at millimolar scale and to get detectable yields of product. Therefore, performing such
experiments will not be affordable. (ii) Many hot spring sites are in national parks and getting a
permission to work there could be fairly complicated. Also many reaction products are unstable
in nature and need to be analysed quickly, which might not be always possible given the
limitations on accessing high-end instruments in the field. (iii) Also, there is a significant health
risk associated with working at geothermal fields near active volcano sites because of the high

temperature and presence of potentially toxic gases.

An alternative and pragmatic approach would be to bring samples from natural, early Earth
analogue sites to the laboratory and perform experiments using these analogue samples. Such

“analogue experiments” would give a more “realistic” sense of how prebiotically-pertinent
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processes might behave under natural conditions compared to controlled laboratory conditions.

Towards this, we tested the prebiotic membrane assembly process in actual water samples

collected from active hot springs present in distinct locations of the world that have geological

features presumably analogous to the early Earth. These experiments were performed with the

following objectives:

a)

b)

To get a realistic sense of how the membrane assembly process from prebiotically-
relevant amphiphiles behaves under natural conditions —

The formation of membrane compartments would have been a crucial step during the
emergence of protocells [2,3]. SCAs are considered plausible protoamphiphiles that
would have constituted membrane compartments of early protocells. However, these
SCAs are known to self-assemble into vesicles under a narrow set of reaction conditions,
and these vesicles are generally susceptible to change in the surrounding environmental
conditions [4,5]. Therefore, laboratory studies involving the prebiotic membrane
assembly process are performed by carefully maintaining the pH, temperature, and ionic
strength requirements for this process. However, natural conditions are likely to be more
variable with respect to the above mentioned parameters. Therefore, we checked whether
such prebiotically-plausible amphiphiles could generate vesicles under intrinsically
variable natural conditions. It is also one of the crucial validations towards evaluating the
potential of these SCAs as model protoamphiphiles.

To check for the simultaneous effect of multiple ions on the vesicle formation process —
As discussed in chapter 3, ions are known to significantly affect the formation and
stability of SCAs vesicles. Most studies in this regard check the effect of individual ions
on SCA vesicles [6-11]. However, natural aqueous systems often possess multiple
cations and anions in varying concentrations. Therefore, it is essential to evaluate the
combined effect of multiple ions on the prebiotic membrane assembly process. However,
mimicking such a natural system with a diverse ionic strength in the laboratory is
difficult, as these ions are added in the form of salts, which invariably results in the
excess addition of some counter ions while preparing such ionic mimics. In this context,
hot spring water samples, possessing inherent diversity in their ionic compositions, could
provide an excellent aqueous system to understand the simultaneous effect of multiple

ions on the formation and stability of protoamphiphilic vesicles.
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c) To evaluate the conduciveness of terrestrial hot springs for the prebiotic membrane
assembly process —
The influence of the overall ionic strength of an aqueous medium on prebiotic membrane
assembly and stability also has implications for discerning the plausible niche(s) where
life might have originated on the early Earth [12]. Deep-sea hydrothermal vents and
terrestrial hot springs are the two widely considered niches for the origin of life on Earth
[13,14]. However, the high salinity of seawater would have been detrimental to the
prebiotic compartmentalization process [6]. In contrast, terrestrial freshwater bodies, such
as hot springs and lakes, with their overall low ionic strengths, would have provided a
more conducive environment for the membrane assembly of protoamphiphiles [2,15].
Several decades of laboratory experiments with fatty acid vesicles using low ionic
strength buffers provide a proof of concept to this notion. Therefore, studying the
prebiotic membrane assembly in actual hot spring water samples could provide a direct
validation of the potential of these niches to support this process, as it would have been
crucial for the emergence of life on Earth.
We studied the vesicle formation behavior of both fatty acid-based and NAA-based amphiphile
systems in water samples that were collected from early Earth analogue hot spring sites. Samples
were collected from the hot spring origin sites, specifically from regions that lacked any visible
microbial mats and vegetation, to avoid interference from biological activity to the extent
feasible. Furthermore, all samples were also filtered at the collection site through a 200 nm
Whatman syringe filter to avoid microbial contamination. In all, for the fatty acid-based systems,
different combinations of fatty acids and their derivatives readily formed vesicles in laboratory
buffered conditions. However, in hot spring water samples, only a binary system of fatty acid
and monoglyceride was able to generate vesicles. These results were consistent across different
fatty acid systems of varying chain length and saturation and also with different hot spring
samples. Subsequently, we performed similar experiments with the NAA-based system, where
both pure NOG and NOG + GMO mixed systems could self-assemble into vesicles in the hot

spring samples tested.
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4.2 Materials and methods:

4.2.1 Materials:

All fatty acids and their derivatives were purchased from Nu-Chek-Prep (USA), except

for 1-Decanoyl-rac-glycerol, which was purchased from Sigma-Aldrich (India). N-oleoyl glycine
(NOG) and N-oleoyl serine (NOS) were purchased from Avanti polar lipids (USA). The rest of

the reagents and chemicals were bought from Sigma-Aldrich (India). All the reagents and

chemicals used in this study were of the highest commercially available grade and used without

further purification.

4.2.2 Methods:

4.2.2.1 Vesicle formation by fatty acid-based amphiphile systems in hot spring water

samples

Collection of Water Samples from Hot Springs

The water samples were collected from Puga (PU), Chumathang (CH), and Panamic (PA)
hot springs at Ladakh, which is an astrobiologically-relevant and early Earth analogue
site in India. This collection was done as a part of an expedition under the aegis of the
NASA Spaceward Bound program [16]. The samples were collected from both origin and
run-off sites. However, only the samples collected from the origin sites were used for this
study, as these sites lacked any obvious microbial mats and vegetation, thus reducing
concerns of biological contamination. Also, there was less human interference at these
sites than at run-off sites. Furthermore, all samples were filtered at the collection site
through a 200 nm Whatman syringe filter to avoid microbial contamination, if any, and
their temperature and pH were recorded on site. The pH was re-analyzed in the laboratory
for all the water samples before being used for the experiment. All the hot spring samples
had a pH in the neutral to alkaline range.

Geochemical Analysis of Hot Spring Water Samples

The water samples that were collected from the three different hot springs were analyzed
to detect and quantify major ions present in these samples. These measurements were
carried out following standard protocols [17]. Briefly, the alkalinity of the samples was
measured using an auto-titrator Titrino plus 877 (Metrohm, Switzerland). The

concentrations of the major cations (Na*, K*, Ca?*, Mg®", and Li*) and anions (CI,
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SO4>") were measured using the ion chromatography instrument Compact IC plus 882
(Metrohm, Switzerland). The accuracy and precision of these analyses were regularly
monitored and were found to have average values of +4%. The net inorganic charge
balance (NICB) for these samples was within £10%, thus ensuring good data quality.
Formation of fatty acid vesicles in hot spring water samples

In a typical reaction, the fatty acid alone, or in combination with the pertinent derivative,
was first melted by heating above their melting temperature. Appropriate concentrations
were then dissolved in chloroform, and the chloroform was evaporated under a vacuum to
form a fatty acid film. The desired solvent volume was then added to this film and mixed
by vortexing and pipetting. The solvent was either 200 mM bicine buffer pH 8.5 or the
hot spring water of comparable pH. Importantly, the solvent was preheated above the
melting temperature of the system before adding to the lipid film. Different higher-order
structures formed in the resultant solution were visualized under DIC microscopy
(Axiolmager Z1, Carl Zeiss, Germany), using 40X objective (NA = 0.75).

4.2.2.2 Vesicle formation by NAA-based amphiphile systems in hot spring water samples

Collection of water samples from hot springs

The collection of hot spring water samples for this part of the study was done in
collaboration with Luke Steller and Prof. Martin J. Van Kranendonk (UNSW, Australia).
Water samples (denoted by TIKB and TIKC) were collected directly from two hot spring
pools at Hells Gate Geothermal Reserve, Tikitere, New Zealand. These samples were
filtered with a 0.22 um polyethersulfone membrane filter (rinsed with 20 ml of the
sample) and stored in acid-washed high-density polyethylene bottles until further use.
These water samples had a pH of around 7-7.5.

Geochemical analysis of hot spring water samples

The collected water samples were analysed to identify and quantify different ions present
in them. These measurements were performed following standard protocols as reported
earlier [17]. Briefly, the concentrations of the major cations (Na*, K*, Ca%*, Mg?*, and
NH*) and anions (CI-, F, SOs*, and NO;) were measured using the ion
chromatography instrument Compact IC plus 882 (Metrohm, Herisau, Switzerland).
Moreover, the alkalinity of the samples was measured using an auto-titrator Eco Titrator
(Metrohm, Switzerland). The dissolved Silica concentrations were measured by a
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conventional molybdenum-blue method using a double beam UV-VIS Spectrophotometer
(M.D.T. INTERNATIONAL, India). The accuracy and precision of these analyses were
monitored regularly, with an average value of +4%. The net inorganic charge balance
(NICB) for these samples was around 1, indicating good data quality.
e Formation of NAA-based vesicles in hot spring water samples

Dry lipid films of pure NOG and mixed systems containing NOG + GMO in a 2:1 ratio
were prepared as described in the previous chapter. These lipid films were hydrated with
50 pL of hot spring water sample (TIKB/TIKC) to get a total amphiphile concentration of
6 mM. The solution was further incubated at 60 °C for 1 hour with constant shaking at
500 rpm, with intermittent mixing by vortexing and pipetting to facilitate the vesicle
formation process. The initial pH of the hot spring water samples was 7-7.5, which
decreased to 5-5.5 after the amphiphile addition, likely because of the acidic nature of
NOG. The formation of vesicles was checked by DIC and epifluorescence microscopy by
following a similar procedure to that mentioned in section 3.2.3 of chapter 3.

4.3 Results
4.3.1 Vesicle formation behavior of fatty acid-based amphiphile systems in hot spring water
We started these “analogue” experiments by looking at the self-assembly of fatty acid-
based systems (Figure 4.1) in hot spring water samples collected from three hot springs in
Ladakh (India), namely PU, CH, and PA. All these water samples had a pH of around 8.3 to
8.65, which is known to be suitable for vesicle formation by oleic acid (OA; C18:1). The
experiment was performed using four different combinations of OA and its alcohol (OOH) and
glycerol derivatives (GMO) as follows: 1) only OA (6 mM); 2) OA + OOH (6 mM; 2:1 ratio); 3)
OA + GMO (6 mM; 2:1 ratio); 4) OA + OOH + GMO (6 mM; 4:1:1 ratio). These oleic acid-
based amphiphile systems have been widely used for studying the effect of different parameters
on the formation and stability of plausible prebiotic membranes [8,18,19]. We used 200 mM
bicine buffer pH 8.5 as a laboratory positive control, which is known to favor vesicle formation
by all the above combinations of OA and its derivatives. Note that the pH of this laboratory

control is comparable to that of the hot spring samples used in the study.
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Figure 4.1 Different fatty acids and their derivatives used in fatty acid-based experiments. Different
combinations of a particular fatty acid and its derivatives that were tested for their vesicle-forming ability

in hot spring water samples are also indicated.

As expected, all the four combinations of OA and its derivatives readily formed vesicles
in bicine buffer pH 8.5 (Figure 4.2a). However, when shifted to natural water samples, out of the
four combinations, only a binary system of OA + GMO generated vesicles in PU hot spring
water (Figure 4.2b). The rest of the combinations mainly resulted in shiny oil droplets. The
results were consistent in CH and PA water samples (Figure 4.3). However, the number of
vesicles formed by the OA + GMO system was seemingly more in PU followed by CH and PA,
possibly owing to the differences in their ionic compositions and the individual concentrations of
these ions. Most of the resultant vesicles were large multilamellar or multivesicular vesicles. In
the case of PA, a white precipitate was observed on the walls of the reaction container, which
dissolved and resulted in vesicles only after prolonged heating (75 °C for three hours).
Additionally, the OA + GMO system always resulted in a mixture of vesicles and oil droplets in
all three hot spring samples. Under DIC microscopy, vesicles appear as donut-shaped structures
having less contrast when compared with the surrounding medium. Contrarily, oil droplets

typically appear as shiny convex circles. Also, vesicles preferentially stay in the aqueous solution
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and are detected as moving objects under a microscope, whereas oil droplets appear as non-

moving objects adhered to the glass surface of the slide.

a b

(200 mM bicine buffer pH 8.5) (Puga hot spring water)

Figure 4.2 Vesicle formation behavior of oleic acid-based amphiphile systems in the laboratory
“buffered” versus “natural” hot spring water sample as monitored under DIC microscopy. (a) All
four combinations of OA and its derivatives form vesicles in 200 mM bicine buffer pH 8.5 (laboratory
positive control). (b) However, only a binary system of OA + GMO (panel highlighted with a red square
box) generates vesicles in Puga hot spring water sample (pH 8.48). The rest of the combinations mainly
result in shiny oil droplets. Vesicles and oil droplets are denoted by white and black arrows, respectively.

The scale bar is 20 pm.
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Figure 4.3 Vesicle formation behavior of oleic acid-based amphiphile systems in (a) CH and (b) PA
hot spring water samples as observed under DIC microscopy. Consistent with the PU hot spring
results, only a binary system of OA + GMO generates vesicles in CH and PA water samples. The rest of
the combinations either do not form any higher-order structures or generate oil droplets. Vesicles and oil

droplets are denoted by white and orange arrows, respectively.

4.3.2 Effect of chain length and unsaturation on the vesicle-forming ability of fatty acid and

its derivatives in the hot spring water samples

Small-chain fatty acids (C8-C12) are thought to have been present more abundantly on
early Earth as compared to long-chain ones because they have been detected in higher yields in
prebiotically-plausible lipid synthesis reactions [17] and meteorites samples [18,19]. Therefore,
we also investigated the vesicle formation behavior of small-chain fatty acid-based systems in
hot spring water samples. Firstly, we used a fatty acid system based on 10-Undecenoic acid
(UDA; C11:1) to study the effect of reducing the chain length on vesicle formation ability while
keeping the unsaturation constant as that in oleic acid (C18:1). A total amphiphile concentration
of 90 mM was used in these experiments to account for the higher critical vesicle concentration
(CVC) of UDA. CVC is the concentration above which a particular amphiphile forms vesicles.
The overall results for the UDA system were comparable to that of the oleic acid system, where
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only a mixture of UDA and its glycerol derivative (UDG) (90 mM; 2:1 ratio) resulted in vesicle
formation in all the hot spring samples (Figure 4.4). Although, in the case of the PA sample, only
oil droplets were present initially, which eventually transformed into vesicles upon prolonged
heating. Rest of the combinations; UDA alone (90 mM), or UDA + undecanoyl alcohol (UDOH)
(90 mM; 2:1 ratio), or UDA + UDOH + UDG (90 mM; 4:1:1 ratio), did not form vesicles in hot
spring waters. Even in this fatty acid system, all of the four combinations of UDA and its
derivatives readily formed vesicles in 200 mM bicine buffer pH 8, which served as the positive

control.

Bicine

Figure 4.4 UDA + UDG binary system generates vesicles in all hot spring water samples. A binary
system of 10-Undecenoic acid (UDA; C11:1) and its glycerol derivative (UDG) (90 mM; 2:1 ratio) is able
to generate vesicles (denoted by white arrows) in all hot spring water samples (PU, CH, and PA), along
with the 200 mM bicine buffer pH 8 control. PA sample, which initially had only oil droplets, showed the
formation of vesicles after 3 hours of heating at 75 °C. The above image from PA shows a mixture of

droplets (black arrows) and vesicles (white arrows) that were observed after heating.
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Subsequently, we focused on the decanoic acid (DA; C10:0) system, which allowed us to
evaluate how the vesicle formation behavior in hot spring water gets affected when shifted from
an unsaturated system (UDA) to a saturated one (DA). DA is one of the most extensively studied
small-chain amphiphilic systems that is widely considered a plausible precursor of prebiotic
membranes [23]. In the case of the DA system also, we observed comparable results to those
mentioned for the above two systems (OA and UDA), where a binary combination of DA and its
glycerol derivative (GMD) (60 mM; 2:1 ratio) readily formed vesicles in all hot spring samples
(Figure 4.5). DA alone (60 mM), or its combination with decanol (DOH) (60 mM; 2:1 ratio), did

not form vesicles in any hot spring water.

Bicine

Figure 4.5 DA + GMD binary system generates vesicles in all hot spring water samples. A binary
system of decanoic acid (DA; C10:0) and its glycerol derivative (GMD) (60 mM; 2:1 ratio) is able to
generate vesicles (denoted by white arrows) in all hot spring water samples (PU, CH, and PA), along with
the 200 mM bicine buffer pH 8 control.
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Interestingly, a tertiary system comprising DA + DOH + GMD (60 mM; 4:1:1 ratio) also
resulted in vesicle formation in PU water (Figure 4.6). However, this tertiary system generated
some peculiar structures in CH and PA water, where vesicles were typically seen surrounding a
central lipid aggregate (Figure 4.6). This aggregate possibly could be rich in DOH that might get
excluded from the vesicle-forming components in the form of the oil droplet. As consistent with
previous results, all the four combinations of DA and its derivatives readily self-assembled into
vesicles in bicine buffer laboratory control. The vesicle formation behavior of all fatty acid

systems that were studied has been summarized in table 4.1.

Figure 4.6 Vesicle formation behavior of DA + DOH + GMD tertiary system in the laboratory
buffered versus hot spring water samples. A tertiary system of decanoic acid (DA), decanol (DOH),
and the glycerol derivative of decanoic acid (GMD) (60 mM; 4:1:1 ratio) formed vesicles (denoted by
white arrows) in 200 mM bicine buffer pH 8 and also in Puga (PU), as indicated in the top two panels.
Interesting structures were observed in the Chumathang (CH) and Panamic (PA) systems (bottom two
panels), in which vesicles were present surrounding a central lipid aggregate, as indicated by white and

black arrows, respectively.
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Table 4.1 A summary of the vesicle formation behavior of different fatty acid-based systems in

bicine buffer (laboratory positive control) and different hot spring water samples.

(Green color indicates the presence of vesicles, while the orange color indicates their absence)

Combination of fatty acid and its derivatives
Vesicle
formation Fatty acid . Fatty acid +
checked system Only Fatty acid + Fat:r{oancc:gl;ce Fatty alcohol +
in f . Fatty alcohol ) monoglyce
atty acid : . ride .
(2:1 ratio) (2:1 ratio) rldg
' (4:1:1 ratio)
200 mM OA (C18:1)
bicine | UDA (C11:1)
buffer” ["DA (C10:0)
Puga OA (C18:1)
(PU) UDA (C11:1)
DA (C10:0)
OA (C18:1)
Ch“rg"f'hang UDA (C11:1)
(CH) DA (C10:0)
Panamic OA (C18:1)
(PA) UDA (C11:1)
DA (C10:0)

“Bicine buffer pH was 8.5 for the OA system and 8 for UDA and DA systems
4.3.3 Geochemical analysis of the PU, CH, and PA hot spring water samples

We hypothesized that a peculiar self-assembly behavior of fatty acid systems across
different hot spring waters might be an outcome of the variable ionic strengths of these water
samples. Therefore, we performed a systematic geochemical analysis of these hot spring
samples, where we detected multiple ions in varying concentrations (table 4.2). However, the
overall ionic strength of PU was higher than that of CH, followed by PA, which shows a positive
correlation with the overall vesicle-forming propensity trend in these samples (PU > CH > PA).
The chemistry of the hot spring samples analysed in this study is dominated by monovalent
cations (Na" and K*) and anions (HCO3z™ and CI"). However, concentrations of major divalent
(Mg?*, Ca?*) and monovalent (Na*, K*) cations were lower (even in PU) than what has been
reported to disrupt vesicle formation [6]. In this previous study, these ions had been individually

tested for their vesicle disruption ability. However, not much is known about their combined
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effect on vesicle stability. These multiple ions in varying concentrations could exert a
combinatorial effect on the vesicle formation by fatty acid-based systems in hot spring water
samples, allowing only certain combinations to form vesicles. Interestingly, this effect was seen
across all tested fatty acid systems. Additionally, the possibility of the presence of organic
compounds in these hot spring waters cannot be excluded, which could have also affected the

vesicle formation process.

Table 4.2 Geochemical analysis of hot spring water samples used in fatty acid-based experiments.
The overall ionic strength decreases from Puga to Panamic. TZ* and TZ™ indicate the sum of cations and

anions, respectively, in microequivalent units. TZ* / TZ™ indicates net inorganic charge balance (NICB).

Major cations Major anions

TZH | TZ
Hotspring | pH | Na* | K* | Ca*®* | Mg* | Li* | HCOs | CI* | SO
TZHTZ
water
All values in mM
ME
Puga 8.48 | 26.14 | 2.08 | 0.89 0 1.26 14,57 11.83 1.27 | 31258 | 28936 1.08

Chumathang | 8.64 | 15.54 | 0.55 | 0.22 | 0.005 | 0.44 10.2 299 | 253 | 16980 | 18248 0.93

Panamic 837 | 6.76 | 0.14 | 0.36 | 0.002 | 0.05 5.68 026 | 099 | 7665 | 7918 0.97

4.3.4 NAA-based amphiphile systems also readily form vesicles in hot spring water samples

The intriguing vesicle formation behavior of fatty acid-based systems in natural hot
spring water samples motivated us to evaluate the behavior of our novel NAA-based
protoamphiphilic system under such natural conditions. In this study, we used N-oleoyl glycine
(NOG) as a representative NAA. Water samples used in these analogue experiments were
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collected from two hot spring sites in Tikitere, New Zealand, abbreviated as TIKB and TIKC.
These samples were chosen because of their slightly acidic to neutral pH, which is suitable for
vesicle formation by NOG-based systems. Although, it should be noted that merely having a
favorable pH for vesicle self-assembly does not assure vesicle formation in hot spring samples,
as observed in the case of fatty acid-based systems. Therefore, it is essential to experimentally
check the self-assembly behavior of these SCAs in natural water samples, to understand how

these systems behave under natural conditions.

Towards this, we firstly analyzed the ionic content of TIKB and TIKC water samples
(Table 4.3), given the influence of ionic strength on the self-assembly behavior of these
amphiphiles. It was observed that the ionic makeup of both TIKB and TIKC was dominated by
NH,* and SO, ions. Although, several other cations (Na*, K*, Ca?*, Mg?*) and anions (CI, F,
NOz", HCO3") were also detected in varying concentrations, highlighting the ionic diversity that
such natural aqueous systems possess. Notably, similar to Ladakh hot spring samples, the
concentrations of both monovalent and divalent cations in these water samples were much below

the level at which they generally induce vesicle aggregation.

Table 4.3 Geochemical analysis of the hot spring water samples used in NAA-based experiments.

Major cations TZ* Major anions TZ- TZTZ
Hot spring sample NH,* Na* K* Ca* Mg* NOs~ F- Cl- HCO;~ SO SiO,
All values in uM UE All values in pM ME UM

TIKB' 2756 743 285 98 31 4043 24 45 122 29 2550 5319 1128 0.76
TIKCT 3296 1007 301 167 27 4991 14 48 150 1458 2312 6294 1019 0.79

"The initial pH of TIKB and TIKC was 7-7.5, which decreased to 5-5.5 after the addition of amphiphiles (likely

because of the acidic nature of NOG).

These hot spring samples were used to check the vesicle formation behavior of pure NOG
(6 mM) and NOG + GMO (6 mM; 2:1 ratio) mixed systems. It was observed that both pure and
mixed NOG systems readily assembled into vesicles in both TIKB and TIKC samples (Figure
4.7). The resultant vesicle population was heterogeneous in terms of the size, shape, and
lamellarity of vesicles. Therefore, these vesicles were stained using R18 dye (an amphiphilic dye

that readily partitions into membranes) and observed under epifluorescence microscopy for
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better visualization of such higher-order structures. These fluorescence microscopy images

further delineated the lamellarity of these vesicles (Figure 4.7).

a b

NOG NOG + GMO NOG NOG + GMO

DIC

Fluorescence

(Vesicle formation in TIKB) (Vesicle formation in TIKC)

Figure 4.7 Vesicle formation behavior of NOG-based amphiphile systems in hot spring water
samples. Both pure NOG (6 mM) and NOG + GMO (6 mM; 2:1 ratio) mixed systems readily form
vesicles (denoted by white arrows) in (a) TIKB and (b) TIKC hot spring water samples. Vesicle
morphology varies from unilamellar to multivesicular vesicles that were visualized under DIC (top
panels) and fluorescence (bottom panels) microscopy. For fluorescence imaging, vesicles were stained
with an amphiphilic dye named octadecyl rhodamine-B chloride (R18). Fluorescence images are

pseudocolored for better visualization. The scale bar is 10 um.

We also evaluate the vesicle formation behavior of the NOG + OOH (6 mM; 2:1 ratio)
mixed system in these hot spring water samples, which could readily form vesicles in TIKC but
not in TIKB (Figure 4.8). Although the lipid film hydration method generates a morphologically
diverse set of vesicles in a pH-dependent manner, the variety of ions and their relative
concentrations in these hot spring samples could further affect both the self-assembly and the
morphology of such vesicles. It could also be a likely reason for the intriguing behavior of the

NOG + OOH mixed system in these hot spring samples.
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DIC

Fluorescence

Figure 4.8 Vesicle formation behavior of NOG + OOH mixed system in hot spring water samples.
NOG + OOH (6 mM; 2:1 ratio) system readily formed vesicles (indicated by white arrows) in TIKC
(right panel) but not in TIKB (left panel) water. Vesicles were imaged by both DIC and fluorescence
microscopy. For fluorescence imaging, vesicles were stained with an amphiphilic dye named octadecyl
rhodamine-B chloride (R18). Fluorescence images are pseudocolored for better visualization. The scale
bar is 10 um.

4.4 Discussion

Our study highlights the importance of validating laboratory outcomes under natural
conditions to get a more “realistic” sense of how prebiotically-pertinent reactions would actually
behave in nature. In this proof-of-concept study, we systematically evaluated the membrane
assembly behavior of two prebiotically-relevant SCAs systems in natural water samples
collected from different hot spring sites. In the case of fatty acid-based systems, we observed that
different combinations of fatty acids and their derivatives readily formed vesicles in laboratory
buffered conditions. However, in hot spring waters, only a mixed system containing fatty acid

and monoglyceride was able to generate vesicles. This binary system formed vesicles in all three
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hot spring samples under study, which had a difference in their ionic strengths. Furthermore,
these results were consistent across all the tested fatty acid systems, independent of varying
chain length and unsaturation. These results demonstrate how prebiotically-pertinent processes
could behave differently in “laboratory” versus “natural” conditions. We also evaluated the self-
assembly behavior of our newly introduced NAA-based protoamphiphilic systems in hot spring
water samples, using NOG as a representative. It was observed that NOG on its own and in
combination with GMO could readily form vesicles in hot spring samples. It demonstrates the
ability of NAAs to generate vesicles even in natural aqueous systems with varying ionic

strengths, which further substantiates their candidature as model protocell membranes.

Shifting from a “controlled” laboratory setup to a more diverse natural setting would
introduce additional factors that might influence the reaction of interest, shaping the final
reaction outcome. The variation in the ionic strength of natural aqueous systems, in terms of the
type of ions present and also their relative concentrations, would be one such crucial factor.
Notably, geochemical analysis of the different hot spring water samples used in these
experiments showed the intrinsic diversity associated with hot springs in terms of their ionic
content. Therefore, the characteristic vesicle formation behavior of different SCA systems in hot
spring water samples might be attributable to a combinatorial effect of multiple ions present in

varying concentrations in these samples.

Nonetheless, a stabilizing effect provided by monoglycerides to SCA vesicles under hot
spring conditions was found to be a more generalized phenomenon, which was consistently
observed for both fatty acid- and NAA-based systems, and, importantly, across different hot
spring samples. Notably, such a stabilizing effect was also observed in a recent study that
evaluated the membrane assembly of fatty acid-based systems in hot spring water samples,
although from a different analogue site [24]. The authors report that the binary system of fatty
acid and a monoglyceride readily formed vesicles in two hot spring samples differing in their pH
and ionic strength values. Together, these results support the hypothesis that mixed SCA
systems, with a stabilizing counterpart like monoglycerides, could have generated robust
protocell membranes capable of tolerating the fluctuating environmental conditions prevalent on

the early Earth.
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Finally, our study provides direct evidence for the ability of terrestrial hot springs to
support the membrane assembly process from prebiotically-plausible SCAs. With their overall
low ionic strength, these freshwater aqueous systems would have provided a more conducive
environment for the formation of protocell compartments as compared to salt-rich marine
environments. Furthermore, our results with fatty acid-based systems also indicate that these
geothermal fields might have also provided a “selection mechanism,” allowing only certain
amphiphile systems to form vesicles, depending on the physicochemical constraints at play in
that specific niche. Together, these results suggest a potential bipartite role played by terrestrial
hot springs during the origin of life on Earth; these geological settings would not only have acted
as a supportive niche for the life’s origin, but also provided pertinent selection pressures to shape

its early evolution.
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The origin of life on Earth is thought to have followed a fundamental step of protocell
formation. This process would have been influenced by a dynamic interplay between membrane
assembly and abiotic synthesis of peptides and nucleic acids. Towards this, we studied the effect
of phospholipids as model membrane-forming amphiphiles on the abiotic peptide synthesis from
glycine, under prebiotically-pertinent wet-dry cycling conditions. It was observed that peptides
do form in the presence of lipids, albeit at a lower yield. A systematic investigation in this regard
led to the serendipitous discovery of N-acyl amino acids (NAAS) in the reaction. Thus, a mixture
of phospholipids and amino acids under wet-dry cycles resulted in two competing processes,
simultaneously forming peptides and NAAs from a common set of reactants. Moreover, the
synthesis of NAAs was observed with other amino acids and ester-linkage containing
phospholipids, indicating the generality of this reaction. The NAA synthesis likely follows an
ester-amide exchange mechanism, which is the first experimental demonstration of this process

in a lipid-amino acid system under prebiotically-plausible conditions.

NAA is a hitherto uncharacterized class of protoamphiphiles that might have generated
membrane compartments of protocells. Therefore, we systematically explored different
properties of NAAs to assess their potential as a model protoamphiphile system. Firstly, we
demonstrated a new prebiological route for their synthesis under wet-dry cycles, from amino
acids and an ester-linkage containing SCA like GMO. It supports their potential availability on
the early Earth. Subsequently, we evaluated the membrane assembly behavior of NAAs, which is
a crucial property for them to act as model protocell membranes. NAAs like NOG and NOS,
were found to self-assemble into vesicles at acidic pH, contrary to fatty acids (conventional
model protoamphiphiles) that form vesicles at neutral to alkaline pH conditions. Furthermore,
heterogeneous amphiphile systems containing NOG and GMO/OA, were able to generate
vesicles over a broad pH range. Particularly, the blended vesicles made from NOG and GMO
were also stable in the presence of metal ions. Together, these results demonstrate the potential
of such heterogeneous amphiphilic systems in generating robust protocell compartments, which
could have supported a wide range of prebiotic reactions occurring at specific conditions of pH
and metal ion concentrations. Notably, NOG was also able to act as a substrate for peptide chain
growth under wet-dry cycling conditions, wherein the amino acid head group moiety reacted
with amino acids, resulting in the formation of lipopeptides. Such lipopeptides might have had
implications for the functionalization of protocell membranes. Altogether, these results establish
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NAAs as a new model protoamphiphile system and highlight their putative role in shaping the

emergence and evolution of functional protocell membranes on primitive Earth.

Finally, to get a more “realistic” sense of how prebiotic membrane assembly processes
would materialize under natural conditions, we studied the vesicle formation by fatty acid and
NAA-based amphiphile systems, in actual water samples collected from different hot spring
sites. Pertinently, terrestrial hot springs are considered one of the plausible niches for life’s origin
and also provide an excellent aqueous system to evaluate the simultaneous effect of multiple ions
on the prebiotic processes like that of membrane assembly. For fatty acid-based systems,
although different combinations of fatty acid and its derivatives readily formed vesicles in
laboratory buffered conditions, only a mixture of fatty acid and monoglyceride was able to
generate vesicles in hot spring water samples. Also, there was a positive correlation between the
overall vesicle-forming propensity and the ionic strength of different hot spring samples. These
results were consistent irrespective of the fatty acid chain length and the presence of
unsaturation. In the case of NAA-based amphiphile systems, both pure NOG and NOG + GMO
mixed systems were able to self-assemble into vesicles in hot spring samples. These results
illustrate how prebiotically-pertinent processes could materialize differently in “laboratory”
versus “natural” conditions, thus highlighting the importance of validating laboratory outcomes
in a natural environment. Our results also demonstrate how terrestrial freshwater bodies such as
hot springs could support the prebiotic membrane assembly process with their overall low ionic
strength. Furthermore, as observed with fatty acid-based systems, such geochemical settings
might also provide different selection pressures, under which certain amphiphile combinations
preferentially form vesicles over the others. It signifies a potential dual role played by terrestrial
hot springs in modulating the early events during life’s origin; providing a conducive
environment for protocell formation while also exerting different selection pressures, thereby

shaping their evolution.
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