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Abstract

Amino acids are hypothesized to have been present on the early Earth via Urey-Miller type abiotic
processes, in addition to being delivered via exogenous chondritic meteorites. Their potential
coexistence in the primordial soup with RNA, amphiphiles and other co-solutes, highlights the
importance of characterizing how they would have influenced various prebiotic processes. In previous
studies, amino acids have been shown to interact with protocellular moieties and affect nucleotide
oligomerization. Nonetheless, the outcome of such interactions on templated RNA replication, and on
the physicochemical properties of single chain amphiphile-based protocells, is largely unknown. In this
work, we characterize how amino acids affect RNA copying chemistry in their role as crucial prebiotic co-
solutes. Additionally, we show how amino acids can promote self-assembly of fatty acid vesicles even
under suboptimal pH conditions. Overall, our study shows that amino acids influence both information
copying as well as compartmentalization, underscoring their importance in shaping the molecular
pathways crucial to life’s origin. In all, this study highlights how interactions between early biomolecular
systems would have affected their subsequent co-evolution, which eventually would have set the stage
for the transition of chemistry to biology on the early Earth.

1. Introduction

The prebiotic milieu is hypothesized to be a heterogenous mixture of several biomolecules that
coexisted together, making it chemically diverse and potentially ‘messy’ (Monnard, 2016; Guttenberg et
al., 2017; Vincent et al., 2021). Interactions between these foundational molecules is posited to have
resulted in the formation of more complex building blocks and oligomers that eventually would have
come together to result in protocells. Primordial cells are evolvable minimal entities with mainly three
subsystems- a heritable polymer and a minimal metabolic network, encapsulated within a boundary
system (Ganti, 2003). One major class of molecules that plays a prominent role in the aforementioned
processes is amino acids, which also form the backbone of proteins that facilitate all metabolic
processes in modern cells. Amino acids have been detected in interstellar ice and carbonaceous
chondrites, which are thought to have been delivered via meteorites and interplanetary dust particles
(IDPs) during bombardment of the Earth in the early Hadean period (Lawless and Yuen, 1979; McCollom
et al., 1999; Simoneit et al., 2007). Additionally, they could have been readily synthesized via abiotic
reactions in certain niches of the early Earth (Miller, 1953; Miller and Cleaves, 2006). All these evidences
point conclusively towards the presence of amino acids on primordial Earth and their potential for
interaction with other prebiotically relevant molecules in a myriad ways.

According to the RNA world hypothesis, RNA is considered one of the first informational polymers to
have emerged on the early Earth (Gilbert, 1986). RNA also possess the ability to catalyze reactions,
which would have eventually paved the way for the emergence of ribozymes (Carter, 2015; Cech, 1986).
However, prior to this, RNA would have replicated via a nonenzymatic route in the compositionally
heterogeneous prebiotic soup (Pate et al., 2015). Most of the studies involving nonenzymatic replication
typically used a ‘pure system’ approach that allowed for the basic understanding of this phenomenon.
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Nevertheless, these studies overlooked the inherent chemical complexity of the prebiotic soup, and how
this would have affected crucial prebiotic reactions. Recently, more emphasis is on discerning how
intermolecular interactions in a heterogenous soup could have affected the reaction outcomes of
prebiotic processes. Given this heterogeneity, it is reasonable to assume that RNA (Joshi et al.,, 2022,
2021; Mayer et al., 2018; Rout et al., 2025; Sanchez and Renard, 2002) replication would have also
occurred in the backdrop of a variety of molecules. These molecules, which are referred to as co-solutes,
include, but are not limited to, amino acids, small organics, different salts, by-products of the other
chemical reactions, etc. In this context, one of our previous studies showed how co-solutes like PEG and
vesicles could have affected RNA replication (Bapat and Rajamani, 2015). This and other recent studies
clearly demonstrate how the molecules present in the prebiotic chemical milieu, could have actively
influenced the replication rate and its efficiency (Vogel et al., 2005; Patki and Rajamani, 2023; Rout et al.,
2025). Extant cells contain a sophisticated machinery whose central player is an RNA polymerase
enzyme which transcribes DNA to RNA. Notably, the catalytic power of this enzyme is governed by two
Mg?* co-factor ions and a few amino acids present in its active site (Carvalho et al., 2011). Nonetheless,
it is not apparent how amino acid monomers or short acidic peptides corresponding to the active centre
of the modern polymerase, could have affected nonenzymatic RNA replication. In this backdrop, we
investigated how particular amino acids with different side chains would have affected nonenzymatic
RNA replication (Fig. 1). Understanding this crucial prebiotic reaction could help in delineating how
certain amino acids eventually came to be represented in the active core of enzymes.

Another process central to the emergence of life is the formation of protocell compartments, which
would have been composed of amphiphiles that are hypothesized to have provided the requisite
boundary condition, i.e. the membrane bilayer. The earliest bilayer-based membranes would have mainly
comprised of single chain amphiphiles (SCAs), like fatty acids and their derivatives. These SCAs are
postulated to be important prebiotic membrane forming components (Hargreaves and Deamer, 1978;
Deamer W., 1985; Apel et al., 2002), crucial for protocell formation. These SCAs are ideal for primordial
life due to their ability to form robust yet sensitive membranes that respond readily to environmental
changes, and also for their ability to sequester molecules from the surrounding bulk environment without
the requirement for any protein machinery (Mansy, 2010; Mansy and Szostak, 2009). Different kinds of
lipidic SCAs like fatty acids, fatty alcohols etc, have been shown to be available due to delivery via
exogenous meteorites and also by abiotic synthesis processes that may occurred on the early Earth
(Lawless and Yuen, 1979; McCollom et al., 1999; Chyba and Sagan, 1992; Cohen et al., 2022). These fatty
acid vesicles have been shown to get stabilized by certain amino acids, either by increasing their salt
tolerance or by affecting their membrane lamellarity (Cornell et al., 2019). It has also been demonstrated
that small dipeptides can bind with fatty acid membranes based on their charge and hydrophobicity (Xue
et al., 2021). Given their ready availability in the prebiotic milieu, we set out to understand how amino
acid monomers could have potentially also acted as a prebiotic bulk medium for fatty acid-based
systems. Fatty acid vesicles are known to result only in a very stringent pH regime that is close to the
apparent pK, of the headgroup of the membrane forming amphiphile. In this study, we demonstrate that

amino acids can act as a buffer and facilitate the assembly of vesicles at a pH that is away from the
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system’s optimum pH value. Relevantly, amino acids buffer several reactions in extant biochemistry and
also feature prominently as a biologically pertinent Good'’s buffer (Borsook and MacFadyen, 1930; Good
et al., 1966; Pielak, 2021). Further, we also demonstrate how interactions with amino acids can change
the physicochemical properties of fatty acid membranes, driving their chemical evolution towards a
possibly more robust membrane system (Fig. 1).

In all, this study explores the role of amino acids in two fundamental prebiotic processes that are
postulated to have set the stage for the emergence of first cellular life. By bridging these two areas, i.e.
nonenzymatic information transfer and compartmentalization, we show how amino acids could have
played a vital role in shaping molecular evolution and early biochemical pathways that potentially led to
the origin and early evolution of life (Fig. 1).

2. Materials and methods

Nucleoside-5-phosphorimidazolides (ImpNs) were purchased from GISynthesis Inc. The Cy3-tagged
amino-G primer (3’-amino-2',3-dideoxynucleotide) were purchased from Keck’s laboratory (Yale, USA)
and were gel purified before using. The RNA templates are purchased from Sigma-Aldrich (Bangalore,
India) and were used without further purification. The amino acids are purchased from Sigma-Aldrich,
and all are of analytical grade. For all the experiments and buffer preparation, filtered Nanopure water
(18 MQ) was used as the solvent.

Oleic acid/OA (cis-9, C,gH340,) and all the amino acids i.e., glycine (C,HsNO,), valine (C5H;,NO,),
alanine (C3H;NO,), serine (C3H;NO3) and histidine (C¢HgN30,) were all procured from Sigma-Aldrich and
were used without further purification. Bicine (N,N-Bis(2-hydroxyethyl) glycine) and CHES (N-cyclohexyl-
2-aminoethanesulfonic acid) for buffers, and laurdan, pyrene and nile red dyes, were also purchased
from Sigma-Aldrich.

2.1. RNA replication reaction set-up and collection of the
time points

The reactions were set up at 25°C (room temperature, RT) in the thermomixer. At first, 1.3 uM of the
particular template and 0.325 uM of the ddG-NH,, primer were mixed and heated at 95° C for 5 mins,

followed by cooling for 2 mins to bring it to the room temperature, and then spun down. 100 mM of Tris
(pH 7) and 10 mM of MgCl, were added to this solution. The amino acid stocks were made in filtered
nanopure water and the pH was adjusted to 7. Followed that, 10 mM of each amino acid was added to
the reaction using appropriate volumes from the stock solution. The subsequent addition of the ImpN
initiated the reaction. TpL from these reaction mixtures was taken out during different time intervals as
specific timepoints. The timepoints were stored in 7uL loading buffer (TBE) containing 8M urea and
immediately stored in -40° C. It is to be noted that the duration of the reactions, and the corresponding
collection of the timepoints for every reaction-set, were adjusted after initial standardization. The ImpN
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stocks were freshly made before the start of the reactions, and the Oth timepoint was collected right
after the addition of the ImpN, flash frozen and stored right away.

2.2. Gel quantification and analysis

The amino-primer is attached to a 5" -Cy3 tag for its ready detection on urea gel. Before loading on to the
denaturing gel, an unlabelled RNA primer having the same sequence as the amino primer (which was
named ‘excess primer’), was added to each sample in 20 times excess concentration. When heated at
959 C for 5 mins, the labelled primers (extended or unextended) present in the reaction mixtures get
separated from the template partners, allowing the ‘excess primer’ to now sequester the templates as
they make for an able competitor RNA. A loading dye mix composed of bromophenol blue and xylene
cyanol was also added to each sample for the easy tracking of the bands that get separated on the
denaturing PAGE gel. All the timepoints are run on 20% denaturing gel having 8 M urea, in which the
upper band represents the (N + 1) extended primer that results from templated replication, while the
lower band represents the starting /unextended primer (N). The gels were scanned using Amersham
Typhoon Imager (software version 2.0.0.6) at a 550V PMT and at a pixel size of 100 pm. Subsequent
analysis was performed using ImageQuant TL (1D v8.2.0) software. For quantification of the bands, we
calculated the fraction of N + 1 band using the following formula for the different timepoints.

Intensity of N+1 band
Intensity of (N band+(N+1) band)

Fraction N+ 1 =

Fraction N + 1 that resulted over the course of the reaction (min), was plotted to get an idea of the overall
trend of the reaction. The rates of the reactions were then calculated from the slope of the linear
regression curve, by considering few early data points under the linear regime (Rajamani et al., 2010).

2.3. Vesicle Suspension Preparation

Vesicle suspensions were made using the thin-film rehydration method. The lipid film was made by
drawing an appropriate amount of lipid solution from a 10 mg/ml stock of oleic acid in methanol. The
methanol solvent was evaporated completely in a vacuum desiccator for 3 hours to prepare a dry thin-
film of lipids. The obtained lipid film was then rehydrated with an appropriate volume of buffer or amino
acid solution of intended pH (detailed in supplementary section S1), to make the required concentration
of oleic acid vesicle suspension (see supplementary section S2). Important to note, in case of all amino
acid solutions, only amino acid monomer of required amount were solubilized in nanopure water and pH
was adjusted with required amount of Sodium hydroxide (NaOH). No Good'’s buffer was added while
preparing the the amino acid solutions. The suspension was then vortexed vigorously to make the it
homogeneous, and then kept overnight for equilibration in an Eppendorf Thermomixer C (Hamburg,
Germany) at RT.

2.4. Microscopy Analysis

3 mM oleic acid suspensions were prepared using the thin-film rehydration method. Suspensions were
prepared with the respective amino acid solutions in CHES buffer (control) at pH 9.6. These samples
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were visualized using Differential Interference Contrast (DIC) microscopy and epifluorescence
microscopy using a Carl Zeiss Axio Imager A1 Apotome microscope and a Leica DM6 upright
microscope, at 40X magnification (NA = 0.75). 8L of the sample was placed on the glass slide and
covered using a glass coverslip. The coverslip was sealed and the samples were imaged soon thereafter.
For Epifluorescence microscopy, samples were stained with 3uM Nile red dye after vesicle suspensions
were made. These samples were imaged using a DsRed filter. Acquired images were further processed
using Fiji Imaged software package.

2.5. Solvatochromic probe assays

a. 3uM pyrene was added in each vesicle suspension, and this was incubated for at least 15 minutes at
RT before subjecting it to fluorescence spectroscopy. Each sample was excited at 335 nm, and the
emission spectra were obtained between 350 and 600 nm. The maximum intensity of the broad excimer
peak was observed around 470 nm (l,). The excimer intensity I, was normalised with intensity at 372
nm (I,), yielding l.,/1;. 14/ is inversely proportional to the vesicle content in the suspension.

b. 3uM laurdan was added to each vesicle sample and resuspended in a similar manner as mentioned
above. Redshift of laurdan was calculated by the parameter generalized polarization (GP), which is
defined as, GP = (I450-1510)/(la50 *+ 1510)- Here, 1450 is the corresponding intensity at 450 nm wavelength
which is the peak for the ordered phase of the membrane and |5, is the intensity at 510 nm. i.e., the
peak for the disordered phase. Each sample was excited at 350 nm, and the emission spectrum and
anisotropy were both recorded. For all these fluorescence measurements, Fluoromax-4 (Horiba Ltd.,
Kyoto, Japan) was used. All the data were plotted using Graphpad Prism 10 (Supplementary section S2).

2.6. Dynamic light scattering (DLS)

All the lipid suspensions were subjected to DLS using a 633 nm fixed laser in the Malvern Panalytical
Zetasizer Nano ZS90 (Malvern, UK), and the data was recorded at 25°C while using a 90° right angle
scatter detector. For each sample, the side scattering was measured for obtaining size-intensity
distributions and the mean diameter. The size-intensity distribution data was then plotted as a Gaussian
distribution wherein the total area under the curve for each plot amounts to 100% (Figure S4,
Supplementary section S3). The mean size was plotted (marked by line in the box) as a box plot with the
maximum and minimum range of values obtained over three independent experimental replicates. All of
this data was plotted using Graphpad Prism 10.

3. Results

3.1 Effect of amino acids on nonenzymatic templated-
replication of RNA in the presence of Mg?*.

Nonenzymatic template-directed replication has been studied by systematically characterizing primer
extension using activated or non-activated nucleoside monophosphates (Orgel, 2004; Bapat and
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Rajamani, 2015; Walton et al., 2019; Dagar et al., 2022). In these reactions, the template is paired with an
RNA primer, where the primer gets extended by the addition of an incoming nucleotide (Walton et al.,
2019). For this study, phosphorimidazolide monomers (ImpN) have been used as activated incoming
nucleotides against their cognate template bases. This leaving group (imidazole) modification of the
nucleotide is essential for the primer extension in the absence of an enzyme or catalyst (Duzdevich et al.,
2021). In addition to the contributions from the stereochemistry of the extending terminus and the
chemistry of the incoming nucleotide, metal ions play a very important role in the replication process by
stabilizing the RNA backbone and masking the negative charges so that the primer and the template can
form a stable duplex.(Szostak, 2012).

Previous studies from our lab and other groups were mostly done in the presence of 200 mM NaCl as
the main counterion in the reaction mixture (Rajamani et al., 2010; Patki and Rajamani, 2023). However,
for this study we adapted the system for Mg?*, considering the presence of this metal ion as a cofactor
in several modern enzymes including the ones involved in replication (Carvalho et al., 2011). In this
backdrop, we studied how individual amino acid monomers, when added in equal concentration to that
of Mg?* ions, would affect the reaction rates. Specifically, we aimed to understand how the charged
groups of amino acid side chains would affect templated-replication rates. Six different amino acids
were evaluated as co-solutes in the aforesaid nonenzymatic templated RNA replication paradigm.
Aspartic acid and glutamic acid were chosen as the negatively charged candidates, while arginine and
lysine were chosen as the positively charged candidates. Histidine and glycine were chosen as
representatives for neutrally charged candidates (Supplementary Table 1). The working concentration of
Mg?* used (10-20 mM), is similar to what has been used in previous origin of life studies (Adamala and
Szostak, 2013; Szostak, 2012). The nonenzymatic replication control reactions were compared with the
ones that were carried out in the presence of amino acids. Each reaction was assigned a reaction name
and this has been mentioned in Supplementary Table 1 along with the details of the primer and template
sequences used.

The control reaction rates were first measured for the addition of ImpG across templating base C
(represented as G_C) (Fig. 2). The average rate for this control reaction was 1.01 hour™ ' (N =3). The
subpanels A (of panels 1-4) in the Fig. 2 shows representative images for the denaturing gels that were
acquired (quadrants 1-4, each gel image corresponds to a specific reaction), and these were used to
quantify the intensity of the fluorescently labelled bands obtained for the various time points (see
Method section 2.2). The overall reaction kinetics for a given reaction is shown in the subpanels B of
panels 1-4 in Fig. 2. To measure the individual pseudo-first order reaction rates, the initial rates of the
reactions were acquired by fitting the first several data points for both the control and test reactions that
were carried out in the presence of amino acids. Subpanels C for 2, 3 and 4 panels, depict the rates
obtained for reactions that were carried out in the presence of histidine, aspartic acid and lysine,
respectively. The rates for G_C reactions with His, Asp and Lys were reduced to 0.36 hour™ ', 0.31 hour™ ',
and 0.70 hour™ 1, respectively (rounded off to two decimal places, N = 3), a clear reduction from the
control experiment rate (1.01 hour™ ).
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The effect of amino acids was evaluated for all the four different Watson-Crick base pairing reactions
detailed in Supplementary Table Ti.e. addition of ImpG across templating base C, addition of ImpA
across templating base U, addition of ImpC across templating base G and the addition of ImpU across
templating base A. Differences in the reaction rates were seen in all the test reactions when compared to
the corresponding control reactions. Pertinently, the rates for the control reactions performed only in
presence of Mg?*, were very different across the four Watson-Crick base paring templated reactions
(Figure S1). The average rates were obtained from three reaction replicates for all the six amino acid
variations that were performed for each primer-template combination, as detailed in Supplementary
Table T2. In addition to these reactions, to examine whether Mg?* showed any additive effect when
present with Na*, a parallel set of experiments was performed where 200 mM Na* was added along with
10 mM Mg?* in the four control reactions (without amino acids). Notably, the rates for these reactions
did not significantly change when compared to the only Mg?*control reactions (Figure S2). The effect
coming from 10 mM and 20 mM histidine (Figure S3), was evaluated in the presence of 200 mM NaCl as
this was the amino acid that affected the extension rates the most. However, the rate obtained was not
significantly different from what was seen when Na* alone was used as the counter ion in the reaction

(Figure S3). All these variations clearly indicated that Mg?* remained a dominant influence in the
replication processes studied.

Statistical analysis was performed to check how the test reactions compared to the corresponding
control reactions. Figure 3 shows the comparative effects obtained for the six different amino acids
when present along with 10 mM Mg?*, across all the different primer-template complexes studied.
Notably, the six amino acids used in this study affected the four primer-template complexes differently.
Upon the addition of amino acid to the reaction mix, the rates dropped significantly for some amino
acids in case of A_U, G_C and C_G reactions. In case of A_U reactions all six amino acids resulted in a
significant reduction in the reaction rate (Fig. 3A). In case of C_G reactions, His, Gly, Asp and Glu resulted
in a significant reduction in rates, while in G_C reactions, His and Asp showed the most significant effect.
Notably, in case of U_A reactions, the effects were the least prominent for all the six amino acids. It is
relevant to point out that for a meaningful comparison, we kept the concentration of the co-solutes
(amino acids) same across all the reactions (10 mM) and equimolar to the metal ion used. We used 10
mM amino acid even in the U_A reactions despite the relatively higher concentration of ImpU used in the
control reaction. ImpU is often used at 40 mM concentration because U incorporates less efficiently and
hence at a slower rate across its templating base A (Patki and Rajamani, 2023).

Based on our results, it is apparent that His and Asp are the amino acids that reduce the reaction rates
the most (as detailed above), especially in the faster reactions like A_U and C_G where the effects are
prominent. While previous studies have demonstrated how certain co-solutes affect the fidelity and
accuracy of nonenzymatic RNA replication (Bapat and Rajamani, 2015; Patki and Rajamani, 2023), this
study adds a new dimension to our understanding of nonenzymatic reaction dynamics from the
perspective of amino acids and divalent metal ions, two crucial prebiotic co-solutes. There are several
possibilities for why this rate reduction could be happening in the presence of amino acids. (1) The
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presence of certain amino acid residues could be sterically hindering or electrostatically interfering with
the optimal alignment of the reactive groups that facilitate primer extension. These interactions can
potentially perturb the active site geometry or alter local charge distribution. (2) The crowding effect, as
discussed in the introduction section and also mentioned in recent studies (Bapat and Rajamani, 2015),
stems from the presence of co-solutes in the surrounding vicinity that affect the reaction rates. (3) When
the activated nucleotide is present in the same concentration as the amino acid (along with Mg?*) in the
reaction medium, there is the possibility of formation of an NMP-amino acid adduct as a reaction
intermediate (Namani and Walde, 2005; Roy et al., 2024). This may act as a competitive inhibitor for the
incoming cognate monomer, thereby resulting in a decrease in the reaction rate.

3.2.1 Amino acids act as a bulk medium supporting
prebiotic vesicle formation at suboptimal pH.

Another important role that amino acids might have played in a complex prebiotic milieu is facilitating
the compartmentalization of protocells. The pH-dependent self-assembly of prebiotic membranes is
hypothesized to have been dominated by single-chain fatty acids (Sarkar et al., 2020). For protocell
formation under lab conditions, the pH of the bulk solution is typically maintained using Good’s buffers
like Tris, CHES, bicine, etc. However, the pH of a prebiotic soup was potentially not regulated by such
buffers. Since prebiotically plausible SCA membranes are very sensitive to pH fluctuations, their stability
when the pH deviates away from the apparent pK, of the fatty acid has been a problem while fabricating

protocells. Previous studies have investigated the interactions between membranes and amino acid
monomers/small peptides, and suggested that both electrostatic interactions and hydrogen bonding are
relevant modes of crosstalk (Cohen et al., 2024; Cornell et al., 2019; Xue et al., 2021). Some studies have
also shown that amino acid interactions increase the robustness of prebiotic membranes against higher
salt concentrations (Cornell et al., 2019).

In this backdrop, we investigated whether amino acids could assist SCA-based vesicle self-assembly
away from its apparent pK,, by acting as a plausible prebiotic buffering agent. To do this, we exploited
the basicity of the primary amine group of the amino acids to see if it could provide a buffering medium
at pH 9.6 to facilitate vesicle formation. We show that amino acids do indeed play the role of a buffering
medium, while also acting as co-solutes that interact with membranes, as has been shown in past
studies (Cornell et al., 2019; Xue et al., 2021). Notably, the conditions used in this regard simulate
prebiotically relevant conditions like what could have been possible in a heterogeneous prebiotic niche. It
also further highlights the multiple roles that amino acids would have played in important prebiotic
processes, underscoring a concerted evolution of different biomolecules on the early Earth. In this study,
oleic acid (OA), a monounsaturated 18-carbon (C18) fatty acid, was used as the model membrane-
forming amphiphile, while glycine, valine, alanine, serine and histidine were chosen for the amino acids.

Glycine, valine and alanine are among the primordial amino acids that are also thought to be the most
abundant on the prebiotic Earth (Ikehara, 2014, 2005; Koga and Naraoka, 2017). Since we also wanted to
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understand the role of amino acid side chains and how their polarity could have impinged on interactions
with membranes, serine, also a prebiotically relevant amino acid, was used because of the hydroxyl
group in its side chain (Koga and Naraoka, 2017). As for histidine, it was selected even though it is not
considered as prebiotically relevant, in order to characterize amino acids with an aromatic side chain. All
these amino acids have a backbone amino group pK, in the range 9-9.7, which makes them good
candidates for use as prebiotic buffers in this study (Supplementary Table T3). It is to be noted that at
the pH used in this study (i.e. 9.6), while valine and alanine with their isopropyl and ethyl side chains,
respectively, are slightly hydrophobic. Serine, which has a primary alcohol in its side chain, has the
potential to participate in hydrogen bonding, while histidine has an aromatic imidazole group in the side
chain.

Oleic acid is known to have an apparent pK, of ~ 8.5, and has been shown to self-assemble into
membranes in the pH range of 8—9 (Monnard and Deamer, 2003). This pH-specific membrane formation
is due to hydrogen (H) bonding between the protonated and deprotonated head groups of oleic acid
(50% of each), which results in a pseudo-diacyl like structure that assists bilayer formation (Sarkar et al.,
2020). In this study, we have used bicine buffer of 200 mM (pH 8.5) as the positive control as it is the
optimum condition for the self-assembly of oleic acid vesicles. However, at pH 9.6, membrane formation
was not observed, as expected, when using a synthetic goods buffer like CHES (200 mM, used as a
negative control), as this pH deviates from the optimum pH for C18 vesicle formation (Fig. 4). At pH 9.6,
the Henderson-Hasselbalch equation suggests that 92.6% of oleic acid monomers should be
deprotonated (hydrogen bond acceptor), while 7.4% should be in the protonated state (hydrogen bond
donor). This is, however, not suitable for membrane formation via pseudo-diacyl structure formation.
Notably, when added to an amino acid solution at pH 9.6, which is equimolar to the control CHES buffer
(200 mM), the addition of oleic acid (5 mM) did not change the pH of the solution, as it is a weak acid,
confirming the amino acid solutions’ buffering ability.

In all the amino acid solutions studied (at pH 9.6), vesicle formation by oleic acid was observed even at
this suboptimal pH, while no vesicles were seen when a pH 9.5 synthetic goods buffer of 200 mM CHES
was used. Notably, the effective critical vesicle concentration (CVC) of the oleic acid system was not
significantly affected due to the amino acid bulk solution. This observation is consistent with another
study that showed that interaction with amino acids and dipeptides does not change the system’s CVC
(Xue et al., 2021). These observations suggested that the amino acids might be compensating for the
smaller number of oleyl hydrogen bond donors present at pH 9.6, thereby facilitating membrane
formation. Previous studies have shown that amino groups can act as both hydrogen bond donors as
well as acceptor, as they form hydrogen bonds with water molecules (Ishigami et al., 2015; Romero Nieto
et al., 2017). We hypothesize that in our study, the amino group in the backbone is possibly acting as a
hydrogen bond donor, which facilitates membrane assembly at pH 9.6. (which is ~ 1 pH unit greater than
the apparent pKa of oleic acid membranes).

Further, the size distribution of the resultant vesicles formed in bulk solutions of amino acids, were
characterized using dynamic light scattering (DLS) and compared to the optimum size distribution that
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was obtained at pH 8.5. The DLS data showed the mean sizes of the vesicles (diameter, d) at their
optimum pH of 8.5, as being significantly higher than the vesicles that were formed using amino acid
buffers at pH 9.6 (Fig. 5a). At pH 8.5, the mean size was around 400 nm (marked by the red line in

Fig. 5a), whereas the ones that resulted in the amino acid buffers were predominantly in the size range of
100-200 nm. The vesicles that resulted in glycine and valine amino acid buffers, showed significantly
lower mean diameter of 115 and 121 nm, respectively. All the other amino acid buffers resulted in
vesicles with a diameter range of 150 nm to 200 nm.

Since glycine has no prominent side chain while valine contains a sizeable hydrophobic side chain, the
aforementioned decrease in the vesicle size may not necessarily be only from the hydrophobic nature of
the amino acid. This corroborates a previous study that showed no strong correlation of hydrophobicity
with the binding of peptides to decanoic acid membranes (Xue et al., 2021). However, the overall
decrease in the mean vesicle size across all amino acid buffers might have resulted due to a difference
in bilayer content per vesicle, occurring under these conditions. Nonetheless, these results confirm the
formation of vesicles in the presence of amino acids, even when the pH was suboptimal. Pertinently, all
the five amino acids used in this study facilitated vesicle formation despite bearing chemically different
side chains. Importantly, the smaller size of the resultant vesicles hinted at a possible change in the
physical or chemical properties of the membrane in the presence of amino acid buffers (at pH 9.6). In all,
these observations highlighted how the role of complexity in the prebiotic milieu, e.g. coexistence of
amino acids and fatty acids, could have affected each other’s properties, as is seen in the increased
propensity for vesicle formation in this case.

3.2.2 Impact of different amino acids in regulating
physicochemical properties of prebiotic membranes.

The next question was to ask if this membrane-amino acid interaction was somehow impacting the
physicochemical property of the (resultant) membrane. To probe this, different solvatochromic
fluorescent probes were used. Pyrene was used to estimate total bilayer content in each lipid
suspension across the five amino acids (Fig. 5b). Excimers of pyrene molecules that form in the bilayer
structure are measured using a ratiometric calculation of I.,/1;, where I, is the maximum intensity of the
pyrene excimer peak and I, is the maximum intensity of the first vibronic peak of the pyrene spectra
(Sarkar et al., 2021) (Methods section 2.5). The I/l ratio of pyrene is inversely proportional to the total

bilayer content present and the bilayer content in amino acid buffers (at pH 9.6) was compared to
optimum bilayer forming conditions for oleic acid vesicles, i.e. pH 8.5.

It was observed that in all other amino acid buffers excepting for valine, the total bilayer content was
significantly higher than when the vesicles were formed at the optimum pH of 8.5 (Fig. 5b). Another
important observation was that valine, being the most hydrophobic amino acid among the five amino
acids studied, resulted in bilayer content that was very similar to what is observed at the optimum
condition of pH 8.5. In the case of other amino acids, the membrane property, in terms of total bilayer
content, did show an increase upon interaction with amino acids. Further, the ratio of the first (l;) and
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third (I3) vibronic peaks of pyrene (l4/15 ratio), which indicates the micropolarity of the bilayer (Sarkar et
al., 2021), typically decreases upon a decrease in the micropolarity of the membrane. Upon vesicle
formation at pH 9.6, we observed that this I,/I; was lower for the vesicles that resulted in the presence
of amino acids when compared to the vesicles that were obtained at the optimum pH of 8.5 in bicine
buffer (Figure S5).

Laurdan generalized polarization (GP) value is another important parameter that tells us about the lipid
order of the membrane indicating whether is it ordered or disordered (Method section 2.5). A more
positive GP value suggests less water activity in the membrane and, in turn, higher order. The GP values
of the vesicles that resulted in the presence of the amino acid buffers were more positive when
compared to the GP value of the vesicles formed in pH 8.5 buffer, across all the amino acids tested
(Fig. 5d). This indicated that the vesicles that formed in the presence of amino acids had less water
activity in the bilayer and more order when compared to the vesicles that formed in the absence of
amino acids (in bicine buffer, pH 8.5). This change in physicochemical property of the membrane
suggested that the amino acid interaction with the membrane was causing water exclusion from the
membrane, making this prebiotically relevant membrane a more robust and stable structure. Among all
the amino acids tested, the decrease in micropolarity was most significant for histidine. In both pyrene
and laurdan GP assays, the deviation of physicochemical properties of the resultant membranes were
highest in the presence of histidine. This observation could be attributed to the imidazole ring of
histidine, which has been shown to interact near the headgroup of the amphiphile via hydrophobic
interactions with the membrane, thereby resulting in an increase in the GP value of the bilayer (Suga et
al., 2017).

Further, the membrane anisotropy was also measured using laurdan to probe the membrane fluidity of
the vesicles (Fig. 5c, lower anisotropy means more fluid membranes). Anisotropy was significantly lower
for vesicles in histidine buffer than in any other amino acid sample. This suggested that the membranes
formed in the presence of histidine were significantly more fluid, also suggesting that the aromatic
imidazole side chain of histidine is probably able to penetrate the bilayer of the lipid amphiphile in a way
that results in an increase in the membrane fluidity. This hydrophobic interaction decreases the access
of water into the bilayer (Suga et al. 2017, Fig. 5c & 5d), indicating a decoupling of the membrane bilayer
property between the head group region and the acyl tail core region in the presence of the histidine
monomers (Suga et al., 2017; Tauchi et al., 2018). This is somewhat analogous to how cholesterol
impacts a cell membrane (Mishra and Chakraborty, 2023), with a more primitive comparison being with
that of isoprenoid groups that have been shown to impart a similar property of increasing fluidity in
archaeal membranes (Albers and Meyer, 2011). Relevantly, all other amino acid effects showed
insignificant deviation from the optimum that was observed in the control vesicles made at pH 8.5.

The above results, along with previously published data, suggest that amino acids can change the
microproperties of membranous vesicles depending on the nature of their side chain. Vesicle content
seemed to be highest in the presence of alanine and histidine followed by serine, and then followed by
glycine and valine (Fig. 5b). The solvatochromic probe studies do not indicate any clear trend attributable
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to hydrophobic-hydrophilic interactions with the side chain of the amino acids used. Nonetheless, it
strongly suggests that there are more forces at play between the amino acids and the interacting
membranes. Specifically, the laurdan studies suggest that the aromatic imidazole side chain of histidine
was able to maximally impact the physicochemical properties of these membranes.

4. Discussion

In this work, the dual role of an important biomolecule, i.e., amino acids, has been systematically
characterized in the context of two relevant prebiotic processes. Our results show that it acts as a co-
solute impinging on prebiotic information transfer reactions, while also providing an interesting bulk
medium that increased prebiotic self-assembly. In the context of nonenzymatic replication, the amino
acids with charged sidechains were the most antagonistic. Conversely, these amino acids also enhanced
the stability of SCA vesicles when employed as a buffering medium. Among all the amino acids studied,
histidine and aspartic acid showed the most pronounced effect on nonenzymatic RNA replication
reactions. However, when present alongside a metal cofactor like Mg?+, they improved the replication
rate, possibly because of being coordinated in a better orientation in this scenario.

Previous studies on amino acid-nucleotide interactions show that they are multifaceted, involving both
backbone and side-chain contributions. Positively charged and polar amino acids are most frequently
involved here, with specific preferences for certain nucleotide bases (Jeong et al., 2003; Hoffman et al.,
2004). Relevantly, co-solutes or co-solute proxies in the prebiotic soup have been shown to significantly
alter the kinetics and fidelity of nonenzymatic RNA replication (Bapat and Rajamani, 2015; Patki and
Rajamani, 2023). Building upon these insights, our study elucidates the role of amino acids as a potent
co-solute that can also modulate nonenzymatic templated replication of RNA, by engaging in specific
chemical interactions thereby affecting the copying chemistry. Thus, by bridging the gap between
molecular crowding and direct chemical modulation, this work reveals how amino acids could have also
influenced early RNA replication.

As for SCA vesicles, they are a good model candidate for protocell compartments. However, they do
pose a problem due to their inherent instability. Fatty acids by themselves cannot sustain stable
membrane vesicles under substantial fluctuations of external conditions in the environment like pH,
temperature, high salt concentrations, etc (Maurer, 2017). Our results involving amino acids assisting
vesicle formation even at suboptimal pH highlight the importance of how the interplay between different
building blocks of life in a putative primordial soup could have mitigated otherwise unfavourable
outcomes. And, our results strongly indicate that amino acids interaction with fatty acid membranes
seems to depend on their side chain. Previous studies have suggested that intermolecular hydrogen
bonding does play a prominent role in membrane-amino acid interactions (Cornell et al., 2019; Xue et al.,
2021). This hydrogen bonding between the different amino acids and oleic acid membranes could be the
stabilizing force that facilitates vesicle formation at a pH regime higher than the optimum. All the amino
acid buffers examined in our studies deviated from the optimum buffered condition of pH 8.5, showing
significant changes in membrane order and total bilayer content. Our study provides evidence that amino
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acids indeed have a significant impact on the membrane’s microproperties, including water accessibility,
fluidity and micropolarity; compared to what was observed in vesicles that resulted from an otherwise
optimum buffered condition of pH 8.5. Notably, our results highlight that this amino acid-membrane
interaction, results in the most prominent alteration of membrane properties in the case of histidine that
has an aromatic side chain. Simultaneously, the interaction with histidine also seemed to make the
membrane more dynamic, indicating that such co-solute interactions of SCA membranes with amino
acids, could have been more conducive for shaping early protocell evolution.

Dehydration-rehydration (DH-RH) cycles in terrestrial geothermal pools would have been readily
facilitated by relevant geological phenomena (Damer and Deamer, 2020). During DH-RH cycles,
molecules like amino acids can reach transiently high concentrations (Deamer, 2015), leading to the
possibility that amino acids could have acted as prebiotic buffers, facilitating the formation of robust
vesicle systems. This is not surprising given how amino acids play an important role in buffering various
reactions, even in extant biology (Borsook and MacFadyen, 1930; Good et al., 1966; Pielak, 2021).
Moreover, a recent study from our group shows that amino acids could have facilitated the formation of
longer nucleotide oligomers (and in greater yields) under prebiotic conditions (Roy et al., 2024). Taken
together, one can envisage how such interactions in a chemically heterogeneous prebiotic soup, which
comprised a mixture of amino acids along with other pertinent biomolecules such as RNA
oligonucleotides, lipidic amphiphiles, and other interacting chemical moieties, could have shaped early
biomolecular evolution. Pertinently, amino acids could have played an important role as the building
block that connected all the nonenzymatic prebiotic processes in these niches. However, further studies
involving increasingly complex prebiotic mixtures are required to help shed light on why life especially
evolved with amino acid-based proteins as the linchpin of many fundamental biochemical processes
that are known today.
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Figure 1

The schematic depiction of the dual role of amino acid monomers in nonenzymatic RNA replication (left
panel, blue dotted box) and prebiotic compartmentalization (right panel, green dotted box). The
background is of a hypothetical early Earth geothermal pool niche, which depicts molecules in a
heterogeneous prebiotic milieu. In the case of nonenzymatic replication (left panel), the coexistence of
amino acid monomers (stick models) along with the template sequence and the primer RNA (the brown
and green colour strands, respectively, in the RNA cartoon), impacts the incoming monomers’ addition
during the copying of information (activated nucleotides, multicoloured floating molecules). In case of
prebiotic compartmentalization (right panel), these amino acid monomers act as a buffering agent while
coexisting with fatty acids, and facilitate robust vesicle formation even at suboptimal pH.
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Figure 2

The effect of amino acids on the rate of ImpG addition against templating base C. Panel 1 represents the
control G_C reactions. Panel 2 represents neutral charged candidate (Histidine) reactions. Panel 3 and 4
represents negatively charged candidate (Aspartic acid) and positively charged amino acid candidate
(Lysine) reactions respectively. Subpanels A represent 20% urea gels for a single reaction from each
reaction sets (images are contrast adjusted by using ImageJ software) whereas subpanels B represent
the whole fit representing the reaction kinetics for each reaction set. Subpanels C show how the initial
rates of the reactions are obtained by fitting the early data points in the linear regime. The rates are

calculated by multiplying the slope of the linear curve with 60, which gives the rate/hour (hour™). The
error bars represent the standard deviation (N=3) for each reaction set.
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Figure 3

Effect of six different amino acids on the rate of nonenzymatic template-directed reactions. Panels
indicate: A) A_U reaction; B) C_G reaction; C) G_C reaction; D) U_A reactions, respectively. The error bars
represent the standard deviation. The statistical analysis was done using GraphPad Prism 10.4.1
software; a One-Way ANOVA test was performed by comparing the mean of the control reaction with the
mean of each reaction carried out in the presence of the amino acids; P< 0.05, [N=3].
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Figure 4

Differential interference contrast (DIC, top panel) and fluorescence microscopy images (bottom panel) of
oleic acid vesicles in different amino acid buffers of glycine, valine, alanine, serine and histidine at 200
mM concentration, pH ~ 9.6 (green boxes). Corresponding control is shown with pH ~9.6 CHES buffer

(red box) where no oleic acid vesicle is observed. Scale bars are 10 pm.
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Figure 5

(a) Mean hydrodynamic radii of vesicles (size, in nm) obtained for the vesicles formed in different amino
acid solutions. All of the amino acid buffers had vesicles of lower mean size than what was seen in the
optimum control condition for oleic acid vesicles at pH- 8.5 (marked by red dashed line). (b) Pyrene I,,/I;
ratio depicting the total bilayer content in corresponding amino acid solutions. (c) The Laurdan
anisotropy obtained value for vesicles present in different amino acid solutions. (d) Laurdan GP value
plot for vesicles formed in different amino acid solutions. In panels b-d, the black dashed line indicates
the corresponding value for control vesicles obtained at the optimum condition of pH-8.5 in a relevant
Goods buffer. All the plots are box plots with the centre line showing the mean value, and upper and
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lower edges of the box depicting the upper and lower ranges of the corresponding values. For the control
dashed line, grey shade indicates the range of the values obtained.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SlAstrobiologyAST.docx

Page 24/24


https://assets-eu.researchsquare.com/files/rs-7866707/v1/e5afed22b2b7da1a17d38e6c.docx

